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THE PROBLEM OF A PROPER NUTRIENT MEDIUM! 
D. N. PRIANISHNIKOV anv M. K. DOMONTOVITCH 


Petrovskaia Razumovskatia Agricultural Academy 
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PART I—HISTORICAL? 


Starting out to study the assimilation of various phosphates in sand cultures 
(1896) the senior author encountered a condition in which the nutrient solution 
of Hellriegel and Knop did not prove satisfactory. Occasionally some plants 
capable of efficient assimilation of phosphates (buckwheat, lupines) developed 
rather poorly on the culture solution of Hellriegel. Thegrowth waspoorer than 
with a nutrient solution in which a combination of phosphate and some neutral 
salt of potassium (KCl, K2SO,) was substituted for the potassium acid 
phosphate. 

Two conditions might have been responsible for the observed phenomenon: 


1. The acid reaction of the medium (pH 3.6 to 3.7) may not be tolerated equally by all 
plants. 2. During the growth period a neutralization of the solution and an accumulation 
of the titrable alkalinity take place. 


The CaNOs as the chief constituent of the solution is unequally utilized; the 
NO; is assimilated faster; the excess of Ca remains behind as Ca(HCOs)e. 
This brings about a low assimilation of iron and phosphorus.’ 

The chief interest was then to see whether plants are capable of assimilating 
insoluble phosphates; for that reason the alkalinity of the solution of Hellriegel 
appeared to mark the ability of some plants to utilize the phosphorus from 
phosphates. This stimulated interest in finding a nutrient solution which 
should not tend to become alkaline but which should retain its original neutral 
reaction. 

As NH,Cl and (NH4)eSO, salts are known to be physiologically acid and 
therefore unsuitable as nitrogen sources for water and sand cultures it was 
natural to look for a different nitrogen source. In 1900, in experiments insti- 


1 Translated from the Russian manuscript by J. S. Joffe, New Jersey Agricultural Experi- 
ment Station. 

2 For the historical portion of the paper the senior author only is responsible. 

3 For this reason an addition of acid (HCI) at some time of the experiment improves the 
growth of the plant in the Hellriegel solution. 

4In the presence of Ca(NOs)2 only a few plants like lupines, buckwheat, peas, and mus- 
tard possess this ability; the majority, however, have not shown it. 
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tuted to test such a nutrient the following various proportions of NO; and NH, 
were introduced: 1:0, 3:3, 3:3,4:2,0:1. Two series of experiments were run: 
in one series the source of phosphorus was CazgH2(PO,)e; in the other an excess 
of alkali was used to depress the possible physiological acidity of the 
CazH2(PO,)e. 

Table 1 gives the plan and the results of the experiments. 

In the series with CagH2(PO,)2, the absolute quantities of P.O; (in the order 
of nitrogen sources as shown in table 1) in the crop were as follows: 155, 153, 
254, 244, and 77 mgm. 

These experiments have shown that the introduction of equal amounts of 
NO; and NH, [in the form of NH,NO; or (NH;)2SO, and NaNOs] does not 
create a physiologically neutral medium; but one which has a tendency to 
become acid. Under such conditions the phosphoric acid of the phosphates 
becomes available to the grain crops, which are not capable of utilizing it in the 
presence of nitrates. 

TABLE 1 
Plan and results of nitrogen nutrient tests 


SOURCE OF NITROGEN 
S S Ss 

- | 21621] 6 | 8 | § 

5/212 | 2] | ge 

2 ee 1 oe E =< Z 
Yield of oat topsmgm........... 6.90 22.0 20.50 | 18.90} 19.20 { 1.60 
P.O; in crop per cent............ 0.09 0.3 0.57 0.53 0.92 | 1.46 
DORR PAG EME a is 56 a0 01s 6010505 6.20 66.0 | 116.80 | 105.40 | 176.60 | 24.10* 


* A photograph of the cultures may be found in the book of the senior author: “Diinge- 
lehre,”’ Paul Parey, Berlin, 1922; also in Land. Ver. Sta. 56, 1902. 


In 1901, in experiments (20) conducted with the purpose of testing 
various sources of nitrogen and phosphorus, the combination NH,NO; and 
CazH2(PO,)2 proved to be the best; a litmus test of the sand of the 
NH,NO;— CazH2(POx)2 series after the crop was harvested showed a tendency 
to maintain a neutral reaction. 

On the basis of the aforementioned experiments, the senior author suggested 
as an appropriate medium for sand cultures the use of CagH2(PO.)2— NH4NOs; 
in place of the combination of Ca(NO;)2—KHe2PO,, used in the Hellriegel me- 
dium. The addition of gypsum compensated for the lack of Ca. In this me- 
dium the slight (as was then thought by the author) physiological acidity of 
the NH,NO; produced by the formation of small amounts of HNO; was 
supposed to be balanced by the buffer action of the CagH2(PO,)>.° 


5 In all cases, unless otherwise stated, sand cultures were used. The sand was washed with 


strong HCl. 
6 In the beginning it was thought that the slight tendency toward acidity and decomposi- 
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The composition of the medium per kilogram of sand was, therefore, as 
follows: NHsNO;—0.24 gm., CasHe(POs)2—0.172 gm., KCl—0.15 gm., 
MgSO,—0.6 gm., FesCls—0.025 gm., CaSO,:2HzO—0.344 gm. The medium 
is identical with that of Hellriegel in the amounts of the various elements 
except sulfur, which was in excess because of the addition of gypsum. 

The new medium was known in the laboratory as the neutral medium or 
“Prianishnikov medium.” 

In later years, this medium was used very extensively parallel with the 
Hellriegel medium. The experiments conducted concerned the problem of 
the assimilation of the various sources of phosphorus and potassium in sand 


TABLE 2 
The yield of oats, sunflower, and buckwheat on Prianishnikov and Hellriegel media 


BAPERIMENS yr seeneanar anaes 
gm. gm. 
Bi ad alates Wate acwiars Me aeie ase Or aa eS 25.8 29.3 
WOAPONIS Neila outa on sicicioe wicicntis cesses caeaies Zao 22.6 
Bo as ats arava ac oteta ere at aie rd wise here Nom makers 30.4 31.2 
MORI PAIN NANI WT v5 ss avo 15 oo ata rare tots save leis aarti is eo bie 14.2 23.0 
BRUCK ORNS, 6) 5.565 <a5os sees bisa noe ewes a4 23.3 1722 
TABLE 3 
Analyses of plants in various media 
MEDIUM YIELD N K.0 P20; CaO SO; 
gm. mgm. mgm. mgm. mgm. mem. 
PIG IODEL No iccaiioiso-snisna oa ees 's 21.46 413 644 99 212 120 
PPTEDINIGUTITCON 65:5 o's t's io ase eis e's 21.43 402 715 91 113 200 
ranP occa hcncee ara nes 21°33 357 510 73 285 184 


cultures. The data in table 2 are just a few typical experiments conducted 
in 1904; they show a similarity in yield on the author’s and on Hellriegel’s 
(22) media. 


tion of phosphates was due to nitrification, although the experiments were conducted in sand 
washed with HCl; experiments in sterilized cultures (20) repeated by Kossovitz (15) and 
Shulov (25) showed the same phenomenon. Later, following the author’s suggestion, 
Shulov conducted experiments with the view of clearing up the réle of plants in the process 
of decomposing the phosphates with NH,NO;; the method used was a division of the roots in 
various media. It was shown that the separation of the alkaline Ca(NOs)2 preventing its 
reacting with the phosphates does not change the relation of the grain crops to the phos- 
phates; only the introduction of NH,NO; calls forth the solubilization of phosphates under 
the influence of the roots of grains. Thus there was no other explanation for the observed 
phenomenon than to attribute it to the NH,NO; producing a physiologically acid reaction. 
For a more detailed account the reader is referred to the Russian paper of Shulov (25), also 
the author’s German paper (21, p. 47). 
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The irregularity of the results in experiments with various plants indicated 
the necessity of a closer study of the problem, but due to the pressure of other 
work it was postponed and no new experiments were conducted until the years 
1911 to 1916. 

In general these experiments corroborated the results for the sand cultures, 
but for the solution cultures the use of the new medium showed some limita- 
tions. 

Just a few of the experiments with sand cultures will be reported. 

In 1912 the experiments of Shulov (26) under sterile conditions showed that 
the young plants of corn and peas were assimilating more ammonia nitrogen 
than nitrate nitrogen from NH,NOs3; thus it was proved that the NH,NO; is a 
physiologically acid salt. 


TABLE 4 
Crop yields in various media 
PRIANIBE- HELLRIEGEL CRONE ALKALINE* 
Resse MEDIUM | MEDIUM | MEDIUM 
Alkalinity after harvesting the second crop, 0.1 NV 
MC rosie ok en cer alkaieb seen 1.09 1.37 1.95 2:45 
The yield of the third planting gm............. 19.56 16.55 14.25 12.70 


*Under alkaline we understand a change of the Hellriegel medium whereby one-half 
of the nitrate of calcium has been replaced with nitrate of potassium. The titration was 
conducted with methy] orange. 

TABLE 5 
Effect on plants of introducing mono-calcium phosphate into Prianishnikov medium 


= gee <.2y1 & ; 
ce + Se vat 1 ead YIELD OF 
igh yee ine ay YIELD OF MILLET YIELD OF FLAX asmnaerenes 


gm. gm. gm. 
Di-calcium phosphate............... 32.9 15.0 13.9 
Mono-calcium phosphate............ 5.09 4.5 Plant died 


In 1914 Stolgane (30) studied the intake of nutrient substances from the 
media of Hellriegel, Prianishnikov, and Crone (3). The plants were analysed 
at four stages of their growth. The results are given in table 3. 

These data show than in the first two media the conditions for the assimila- 
tion of nitrogen, phosphorus, and potassium are similar; for it was observed 
that the Crone medium hindered assimilation of phosphorus although without 
effect on the yield. 

In connection with the work of Whitney and Cameron (33) in regard to the 
drop of yield in continuous culture, the effect of the kind of medium on the 
behavior of plants was studied in sand cultures. The titratible alkalinity of 
the media after the harvest of each crop, was determined and the yield of the 
continuous plantings was found to be lower as the alkalinity increased. This 
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alkalinity remained from the previous plantings and therefore the continuous 
plantings gave better yields on the medium proposed by the author than on 
other media; as an example we shall take the figures of the titration of an ex- 
tract from a sand culture after the second crop was harvested and the yield 
of the third crop of lupines.” 

As one may see from the figures, the yield of each succeeding crop is decreased 
as the medium becomes more alkaline on account of the growth of the plants. 

In comparing the relation of the various plants and media, we did not limit 
ourselves to the aforementioned media in their original form. Experiments 
were conducted for each of 15 media in order to clear up the reasons for the 
success of one and the failure of the other in their applications to various plants. 
This brought about a rather complicated series of experiments (12). 

As one would expect, two components; namely, the source of nitrogen and 
the source of phosphorus, are the outstanding features in a 3-salt medium. In 


TABLE 6 
Effect on plant growth of introducing various phosphates into the Hellriegel medium 
OATS WHEAT MILLET 
gm. gm. gm. 
PHMATy PHOSPNAC, ..66s0ccs sec cesee 13.7 9.2 16.1 
Secondary phosphate..............+. 6.1 4.8 nee 
Wertiary phosphate i:s0.:00:0:¢-0:6 5:0 0.00 6.7 5.4 5.8 
TABLE 7 
Relation of grain to straw with various media 
MEDIUM SOFT WHEAT HARD WHEAT BARLEY OATS 
RATAN 5% esos aVee ele ois ieeeos iets 0.28 0.16 0.45 0.42 
PHIARISUNIKOV:. asics sis sicadeesewess 0.77 0.67 0.72 0.54 
LONG a caciais Caeieoieek are Was 0.65 0.47 oe 0.38 


the Heilriegel medium the two components are Ca(NOs)2 and KH2PQ,; in 
the Prianishnikov medium—NH,NO; and CagH2(PO,)2; in the Crone medium— 
KNOs; and Fe;(POy,)2.8 If the mono-calcium phosphate instead of the di- 
calcium phosphate is introduced into the Prianishnikov medium the plants 
suffer from an acid reaction as shown in table 5. 

The introduction of Cas(PQOx,)2 is favorable to growth in the presence of 
NH,NO;. On the other hand the introduction of secondary and tertiary 
phosphate in place of the primary phosphate in the Hellriegel medium hampers 
the conditions for growth. 


7 Each planting was allowed to develop for one month; the plants were then removed and 
another planting with the addition of another portion of salts was made without washing the 
sand. 

8 Besides this the Crone medium contains also Ca3(PO,)2. 
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The same results may be inferred from the Crone medium with its KNO,, 
Fe3(POx)2 constituents. Although Crone does not propose these constituents, 
the author’s experiments with the introduction of theammonium nitrate show 
that it influences unfavorably the assimilation of P.O; from iron phosphate, 
since it creates a weakly acid reaction, whereas K NO; brings about a weakly 
alkaline reaction, and thus favors the assimilation of P.O; from the iron phos- 
phate.® 

The solution of the problem as to which of the media is the best was compli- 
cated, since the various plants behave differently with the changes in the 
reaction of the medium and are different in their requirements of the nutrient 
substances and of their assimilation, and therefore are incomparable in the 
various media; and besides the order of behavior of the various plants toward 
this or the other medium differed with the various years.!° 

Without entering at this time into an analysis of the complexity of the re- 
sults, a few variations noticed in the plants may be cited. These variations 
may be divided into the following groups: 


First: For certain plants a neutral medium seems to be better than the medium of Hell- 
riegel and Crone; this is regularly observed in cases of garden cress, in the majority of cases 
with flax, and occasionally for poppy seed and buckwheat. 

Second: In a series of cases this medium from the standpoint of yield was very close to that 
of the Hellriege! medium, but either one was lower than the medium of Crone (wheat, oats, 
barley, corn, turnips, sugar beets, potatoes, buckwheat). The relation of grain to straw was 
infrequently more normal with this medium than with the other media; for instance in 1914 
the differences shown in table 7 were noticed (12). 

Third: The neutral medium appeared to be worse than the Hellriegel and the Crone 
media for peas and lupines, and partially so for sunflower; for buckwheat great variations were 
noticed beginning with the first and ending with the third group. 


* In the experiments with iron phosphate the following results (2) may be cited. 


YIELD OF BARLEY AMOUNT OF P20s 


IN CROP 
gm. mem. 
FePQ, > NH,NO; ins: 00 be 606 0s 600 05:0 060460406 2 41.3 
PURER BONDS. iia iwcbesssiseninasnen baseless 19.1 63.7 


Introduction of CaCO; with Ca3(PO,)2 brings about a depression. 

10 One of the experiences with this phenomenon may be found in the following condition: If 
the water is introduced from the bottom, asit is in this laboratory, the soluble salts may accumu- 
late in the surface layer, if evaporation from the surface of the vessel is increased; the insoluble 
portion of the medium remains uniformly distributed throughout the vessel; it is thus possible 
that for a short period the acid reaction caused by the one-sided utilization of the ammonium 
nitrate is not balanced throughout the various layers in the vessel. Although water is applied 
periodically to the surface of the cultures, there is still the possibility that a physiological 
acidity should appear more pronounced in the surface of the vessel than in the lower portion. 
Since the movement of the salts toward the surface depends upon the components of the sand, 
upon the size of particles, upon the method of watering, and upon weather conditions, it is 
possible that this is the cause of the irregularity that occurred during the various years. 
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Since in those years the method of determining the hydrogen-ion concentra- 
tion was not practiced, an analysis of the results was somewhat difficult; in 
1917 the war conditions caused a break in the work. Only in recent years was 
there a chance to return to the study of the relation of the plants and the com- 
ponents of the media, with the possibility of determining the changes in the 
hydrogen-ion concentration under the influence of the plants. This part of 
the work, which presented a clear picture of the relation of the plants to 
NH,NOs, is given in the latter part of this paper. 

An opinion was expressed (10) that themedium proposed by the author should 
be applicable also to solution cultures. However, experiments have shown that 
under such conditions the medium has a tendency to become more acid, as 
in the case of the sand cultures, and for that reason the yields at their best are 


TABLE 8 
Reactions of Hellriegel and Prianishnikov media with barley and buckwheat 


MEDIUMt BARLEY BUCKWHEAT 
ce. ce. 
RADON, va loralaie Rinalee eu ee wiewieweeewaeeminewe +2.5 +0.5 
PRIA ABHOLCOW. 5.5 5 cone a1oss ya: nso ois) «10s aloreisiayeis sie sie —0.6 —1.2 
* cc. 0.1 N alkali per 100 cc. of solution; + indicates an increase of alkalinity; — an in- 


crease of acidity; the titration was conducted with methyl orange. 


‘ABLE 9 
Behavior of barley and flax in various media studied in sand and solution cultures 
BARLEY FLAX 
MEDIUM 
Sand cultures Solution cultures Solution cultures 
gm. gm. gm. 
PNUD coca tovei cis. ss0ie's, ororsivnaiwisieieia 7 DG 12.8 
PRIBSIBIECOV 5:5, 01510:0:4i21e.0-019 )2-01014)<1010 5's 113 2.6 4.5 
AORN os ios oe sas so ie sis aisersieisarsseraca's 11.4 12.4 £259 


only equal to those which are obtained with the Hellriegel medium—at times 
even worse. The author was forced to the conclusion that in its original com- 
position the medium proposed for sand cultures may not be recommended for 
solution cultures. That the movement toward acidity is responsible for this 
may be proved by the fact that a replacement of the di-calcium phosphate with 
the mono-calcium phosphate has a still worse influence on the plants; and 
besides an analysis of the solution after the experiment, showed a noticeable ti- 
tratable acidity in those cases where the plants showed injury. Thus in the 
experiments of Arnold (1), the shifting of the reaction as compared with the 
original was measured as indicated in table 8. 
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It is interesting to note that in this experiment the buckwheat on the 
Prianishnikov medium showssymptomsofinjury. The yieldsinthisexperiment 
did not vary sharply (11.4 and 11.1 gm. for the barley; 7.75 and 6.25 gm. for 
buckwheat); in the experiments of 1913 conducted by Stolgane (30) the results 
for the water cultures were unfavorable, also from the standpoint of yield. 

As far as the differences in behavior of the media studied in sand and in 
solution cultures are concerned the following may be suggested: 


First: The distance separating the precipitated phosphate in the ammonium nitrate cul- 
tures has its influence; it is possible that at a slow rate of diffusion the root hairs may accumu- 
late around themselves an injurious degree of acidity, which in this case was eliminated only 
once in 24 hours by stirring.11_ Later experiments have shown that mature plants are capable 
of changing the reaction within 2 hours, and that the reactions of ammonium nitrate solutions 
approach those of ammonium chloride solutions. 

Second: The question was raised whether in the case of the sand cultures adsorption 
influences in one way or another the composition of the medium, making it more favorable 


TABLE 10 
Results of experiments conducted during 1916* 
YIELD OF BARLEY YIELD OF OATS YIELD OF RYE 
MEDIUMt 
Without With Without With Without With 
charcoal | charcoal | charcoal | charcoal | charcoal | charcoal 
gm. gm. gm. gm. gm. gm. 
PMMA as clsuuoeko assess | ee | on 16.4 31.8 oe esas 
PONY ss ss ssc aces saan 22.0 yf chee or 13.0 18.8 
RMR oe Le houG ce pw bbuneeseceenee 16.6 30.9 oS 25.7 14.4 59.0 
TNE eee etl waa cinntes tion 16.5 29.5 i2e2 25.9 8.3 17.5 


* Jakushkin, I. V. On the influence of finely ground charcoal on the yield with different 
nutrient media in sand cultures. (Experiments conducted in the laboratory of Prianishnikov 
in 1916. Not published.) 

+ Under the acid medium we understand the Hellriegel medium replacing Ca(NO3)2 with 
NH,4NO;, and alkaline medium—the medium of Hellriegel replacing a half of the Ca(NOs)2 
with KNO3. 


for the plants, or whether it influences the shifting of the reaction from the neutral point. 
The latter assumption was confirmed by the fact that finely granulated charcoal introduced 
into the medium obliterated the shifting of the reaction. 


Thus charcoal is capable of eliminating the injurious influence of the reac- 
tion’s shifting either towards acidity or alkalinity: this is in accordance with 
the data concerning the ability of charcoal to absorb energetically the H and 
OH ions as pointed out by Michaelis (16). For the sand, however, no such 


11 That the formation of a precipitate on the bottom of a vessel may be a factor in hindering 
the development of the plants may be deduced from the experiments conducted in the labora- 
tory by M. I. Sidorin (27, 28); it was shown that the plants may suffer from chlorosis even 
though iron phosphate is present at the bottom of the vessel; whenever the distance between 
the roots and the bottom of the vessel was appreciable and the stirring was not done frequently 
enough. 
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phenomenon could be observed, although it is known that the absorption 
phenomenon in general is demonstrable in the sand culture results.” 

Coming back after a time to the study of the individual components of the 
author’s medium and utilizing the methods of determining the hydrogen-ion 
concentration, the authors have shown that the physiological acidity of NH4sNOs 
was more pronounced than it was ever supposed; it seems that the plant is 
capable of making this medium in certain movements just as acid as with am- 
monium chloride. 

The experiments of Domontovitch described later have shown that the more 
developed plants, after 2 hours contact in a solution of ammonium nitrate and 
ammonium chloride, are capable of changing appreciably the pH of the solu- 
tion; the experiments of Kupreyenok!* conducted in 1922 show that in a vessel of 
small volume, plants are capable of changing the reaction of the medium from 
pH 6.2 to 3.9 within 24 hours. (This experiment was conducted under condi- 
tions of changing the solutions and it was apparent that with ammonium salts 
a change of the medium every other day does not prevent a shifting of the reac- 
tion).14 

This explains the fact that in culture solutions stirred once in 24 hours, the 
presence of ammonium nitrate in solution and of di-calcium phosphate as a 
precipitate does not eliminate the unequal accumulation of acid; thelatter may 
therefore become concentrated around the roots in undesirable quantities. 

In an effort to determine which one of the unknown causes plays a more im- 
portant réle in the irregularities noticed between solution cultures and sand 
cultures, the improvement of the author’s medium for solution cultures may 
be sought in two directions: 


First: With the same source of PxO;—CazH2(PO,)2—to increase the ratio of NO; to NH,NO 


12To check the assumption on the rdéle of absorption in regulating the reaction O. V 
Saroobina conducted the following experiments: Sand washed with strong HCI was moistened 
with a solution of one of the nutrient media (Hellriegel, Prianishnikov, Crone) and upon the 
expiration of one hour, a replacement of the solution by means of alcohol following the method 
of Istserekov (9) was carried out. The replaced solution was analyzed for all the cations and 
anions introduced and was compared with the original composition. However, the experi- 
ments were not successful in establishing any relation of the sand to the component parts of 
the medium, which contains ammonium nitrate as compared with other media. In checking 
up the second variable on the réle of absorption, it was apparent that the sand used was 
capable of weakening somewhat the acid reaction of the solution in contact with it; for in- 
stance, the medium having an initial pH of 3.92 gave a pH of 4.76 after coming in contact with 
the sand; the solution, which was alkaline, did not change upon contact with the sand. This 
phenomenon may be explained not only by adsorption but by the impurities found in the 
sand which are capable of neutralizing acid solutions. 

18 Kupreyenok. On the speed of reaction changes in solution by plants with various sources 
of nitrogen. (Investigation conducted in the laboratory of Prianishnikov during 1922. Not 
published.) 

14 That the change of the solutions does not prevent the appearance of injurious influences 
on the part of the physiologically acid salts was observed in 1908 but there were no determina- 
tions of pH made then. 
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(2 or 3). This change is corroborated by the work of various American workers, such as 


Wolkoff (34). 

Second: By increasing the amount of base which is carried with the phosphates; that is, to 
try the influence of Ca3(PO,)2 in place of CazH2(PO,)2. Incidentally, in sand cultures it has 
been repeatedly noticed that an improvement of growth is marked by replacing the di-calcium 
phosphate with freshly precipitated tri-calcium whenever the source of nitrogen was NH,NO3. 
However, more experiments in this direction are desirable. 


As was shown in the experiments of 1911 to 1916, among other media, various 
modifications of the Crone media were used; by itself this medium appears to 
be universal, giving in most cases very good results (except with garden cress 
and partially with flax), also giving regular yields of rye in both sand and 
water culture; still this medium may be improved. Thus, by making several 
changes in this medium it was observed that by replacing the Fes(PO,)2 with 
Fe,(SO,)s, and increasing the portion of Ca3(PO,)2 to keep up the P.O; content, 


TABLE 11 
Results with corn plants grown for 10 days in various media (24) 
AMMONIUM NITRATE AMMONIUM CHLORIDE 
EXPERIMENT 
Before experiment After experiment Before experiment After experiment 
2H 2H oH 2H 

1 7.0 ee 6.9 ef 
2 7.0 3.9 6.9 4.0 
3 6.8 4.2 eis see 
+ 6.8 4.1 

TABLE 12 


Results of Jakushkin’s experiments on modified Crone medium 


MEDIUM MILLET BUCKWHEAT LUPINES 
gm. gm. gm. 
Gaius on Se he whwaee sieee 33.3 11.8 > i | 
CG ee ec re een 48.2 17.8 26.5 


the yield was increased. Table 12 taken from the experiments of Jakushkin 
(12) gives the results on the modified Crone medium. 

The modified Crone medium" infrequently gave better results than any other 
media. When these experiments were conducted, the present day methods of 
determining the reaction had not been introduced, but there is reason to sup- 
pose that the same medium is capable of keeping the reaction within limits. 
Besides the forms of the compounds, this medium differs from Knop’s and 


6 The modification makes the medium a non-Crone medium, since the characteristic of 
the Crone medium is the presence of iron phosphate. The modification is similar to the Sax 
medium, except that the former contains less salts of iron and the latter contains NaCl. 
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Hellriegel’s media by a larger amount of soluble salts; this concentration of 
salts is tolerated because they are neutral salts. It is worth mention that 
a certain increase in the osmotic pressure through salts ineffective from the 
standpoint of nutrition may also be useful, as shown by Malioushitsky and 
Tulaikov (32). In the author’s cultures there was not only an increased as- 
similation of nitrogen under the influence of NaCl (29) but also a greater ac- 
cumulation of oil in the seeds of flax and of mustard, an increase in the per- 
centage composition of sugar in tomatoes, and also an increase in the soluble 
carbohydrates in the vegetative portion of the grain crops.'® 

It is thus possible that in the Crone medium besides the forms of the nutrient 
salts, the increased concentration of the nutrient solution, which was made 
possible by the exclusion of the acid phosphate, also has an influence. 


4 LA 


HCE” Os Oo Os Lo 1s 20 NaOH 


Fic. 1. GrapHS SHOWING THE TITRATION OF THE PRIAMSHNIKOV AND HELLRIEGEL MEDIA 
AT START (I), AFTER 24 Hours (II), AND AFTER } Hour (III) 


PART 11)? 


The experiments described below are a continuation of the investigations of 
Prianishnikov reported in the first part of this paper. 
Special emphasis has been laid on the factors influencing the reaction of 


16 Pereturin. On the influence of osmotic pressure of the solutions on the composition of 
plants. (Investigation conducted in the laboratory of Prianishnikov in 1922. Not pub- 
lished.) 

17 The text of this second part has been prepared by M. K. Domontovitch. 
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nutrient medium during the growth period of plants. The factors of the 
dynamics of the reaction of nutrient media investigated were as follows: 


1, Physiological acidity or alkalinity of the nitrogen sources, NH, or NO;. 2. The buffer 
action of the media. 3. Specificity of plant species. 


The course of the reaction in solution cultures was the subject of investiga- 
tion by Duggar (4), Jones and Shive (14), Hoagland (8), Theron (31), and 
others. Recommendations of a special nitrate ammonia medium are given in 
the work of Wolkoff (34) and Hartwell and Pember (5). The latter attempted 
to control the reaction by the combination of NH, -+ NOs; thus the recom- 
mendation of Hartwell and Pember coincides with that of Prianishnikov. 
The difference consists in that in the Prianishnikov medium the buffer action 
of di-calcium phosphate is utilized along with the physiologically acid ammonia 
nitrate. A series of interesting observations on the question of the physio- 
logical acidity of ammonium salts was made by Olsen (17), Jacobs (11), 
Hoagland and Davis (8), and Jones and Shive (14). During the progress of 
the work the aforementioned investigations were not available to the author 
and could not be utilized. Besides, their work dealt chiefly with solution 
renewal whereas the work of the author deals chiefly with constant media. 


Buffer action of the Hellriegel and Prianishnikov media 


The original reaction of these media is controlled chiefly by the phosphates, 
KH2PO, or CazH2(PO,)2, and by FeCl;. The changes in reaction of these 
media upon the addition of NaOH or HC] are shown in figure 1. The method 
used in obtaining these curves was as follows: 


Into a series of flasks, 100 cc. of the respective media was poured and additions of 0.1 N 
NaOH or HC] were made. The pH determinations were made with the Quinhydrone elec- 
trode after 24 hours and for the Hellriegel medium also after 30 minutes (dotted line of the 
curve). 


A comparison of the pH value of the Hellriegel medium after 30 minutes 
and after 24 hours shows that the pH of this medium does not attain its equilib- 
rium at once; it depends on the precipitation of the phosphates of calcium. 
On account of the large amount of FeCl; (about one-half to a milliequiv- 
alent per liter) the original reaction of the Hellriegel medium is strongly acid 
(pH 3.6 to 3.7). In solution cultures such a reaction may exert an injurious 
influence on the roots of young plants of severalspecies. Insandcultures where 
the sand is practically never absolutely pure, but contains some neutralizing 
properties, the critical acidity produced by a large amount of FeCl; does not 
show itself. According to some calculations, a titration with phenolphthalein 
should give an acidity equivalent to 2.5 cc. of 0.1 NW NaOH for every 100 cc. of 
the Hellriegel medium (since the medium contains a millimol of KH2PO, with 
an excess of calcium and approximately half a milliequivalent of FeCl). 
This titration does not take into consideration the acidity produced by the 
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CO2. The amount of alkali necessary to bring about a pH of 7.0 in the Hell- 
riegel medium is not regular, but depends upon the time the reading is taken. 

The original reaction of the Prianishnikov medium is close to that of the 
neutral point; namely, pH 6.6 to 6.7. In order to acidify it and to bring it to 
a pH 4.0, 0.9 to 1.0 cc. of 0.1 WN HClis necessary. Thus, as the Prianishnikov 
medium shows a clear buffer action against acidifying, one may find a justifica- 
tion for the combination of the physiologically acid ammonium nitrate with 
di-calcium phosphate; the latter is capable of absorbing the H ions and of 


PH 


10 


a+ 


| a ee me a el mee eles eee al 
Fic. 2. GRAPHS SHOWING THE TITRATION OF 0.05 M SoLuTIoN oF KH2PO, Aanp 0.05 M 
KH2PO, + 0.02 M CaCl, 


changing into the mono-phosphate. However, this buffering property of the 
Prianishnikov medium is not sufficient in some cases. It would be interesting 
to increase the buffer properties of this medium by increasing the amount of di- 
calcium phosphate or by replacing the FeCl; with iron tartarate or something 
similar. 

In order to illustrate the influence of the precipitation of phosphates of cal- 
cium on the titration curve, figure 2 is given, in which the titration graphs of 
0.05 M solution of KH2PO, and 0.05 M@ KH2PO, + 0.02 M CaCl, are given. 
The pH determinations were made after additions of increasing amounts of 
a solution of 0.08 NY NaOH; the readings were taken after 3 hours and after 20 
days. In the medium without the calcium the reaction has not changed; in 
the medium with calcium the reaction after 3 hours is represented by a dotted 
line, and the reaction after 20 days by a solid line. 
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If a study is made of this solid line, which corresponds to a condition of 
equilibrium between the solid and the liquid phase, one may note that the 
addition of calcium salt to a solution of KH2PO, brings forth two points of 
buffer activity: 1. Approximately between pH 3.3 and 3.7. 2. Between pH 
6.0 and 6.4. An analysis of the first point corresponds to the precipitation of 
di-calcium phosphate (this may be called the phenomenon of buffer effect of 
precipitation). The second point of the buffer action corresponds to the in- 
version of di-calcium phosphate into tri-calcium phosphate (we thus have the 
buffer effect of the conversion into the solid phase). 


TABLE 13 
Influence of sprouted corn plants on the solutions of ammonia salts 
courosimow ov we ss. |e 

oH pH 
Lb OS es See ery aa a 7.0 3.7 
EE cir cc be cobasueueueesas onshbeeswous 6.9 3 
PRRMEOOE ENON bic cin lnoousaebae wa wee wdiswwees 4.4 3.8 
Ok 2 6 RR a eer re 4.4 5.5 


TABLE 14 
Oat plants grown under daylight conditions 


REACTION OF MEDIUM 


Befo 
COMPOSITION OF MEDIUM cgulane After 1 hour After 24 hours 


a b a b a b 


oH 2H oH oH oH 2H 


DOR TERED > RE ois 5s cons noes cnesesases 4.2] 4.2] 4.4] 4.3] 3.8] 3.8 
Oe Ne BO 5s ois Siku cie sos ciow aww 4.2) 4.2] 4.4] 4.2] 4.9] 5.0 
ol ke tL 6 Ae | (C ieee ee eee 4.2] 4.2} 5.0] 4.9] 5.6] 5.6 
Joint be fC. ms | |G RSs eg ae Aa a2) 4.2) 4.3} 4.5] S56] 5.6 


The influence of plants on the solutions of ammonia salts 


When it was found that the NH,NO; behaves as a physiologically acid salt, 
the question came up as to how this property may be changed under the in- 
fluence of the reaction of the medium. The influence of weak concentrations 
of HCl on the utilization of ammonium nitrate by plants was therefore tried. 
Table 13 shows how sprouted corn plants in the experiments of Prianishnikov 
have shifted the reaction in a solution of ammonia salts during the period of 
10 days. 

Thus after 10 days of contact with the plants the medium shifted toward the 
acid side even in the solutions to which an acid was added. Thus the pre- 
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TABLE 15 
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The changes in reaction of solutions of NH«Cl and NH.NOs under the influence of the roots of 


peas and oats and the absorption of nitrogen from these solutions 


TIME OF 
EXPERI- -— wm BEFORE| AFTER 
E 
nom: | ANDAGE | PLANTS COMPOSITION OF MEDIA A i 
BER aaa MENT | MENT 
CULTURE 
hrs. ?H 2H | per cent| per cent 
1 Oats, 22 days 2 0.001 N NH.NO; 5.8 4.8 5.0 | 27.9 
0.001 N NH,NO; + HCl 3:7 | 3.8:}.38:7 ] 185 
0.001 N NH,Cl 5.9] 4.6 29.5 
0.001 N NH,Cl + HCl 3.6} 3.7 18.8 
2 | Oats, 13 days 2 0.0005 N NH,NO; 5.4] 5.4] 0 51.6 
0.0005 N NH,NO; + HCl 3:7 | 4:2:| 11.5: | 40:4 
0.0005 N NH,Cl 5.4 5:3 50.2 
0.0005 N NH,Cl + HCl K 7 (il ee A) 38.4 
3 | Oats, 13 days 2 | 0.0005 N NH,NO; 5.4] 5.4] 18.3 | 51.5 
0.0005 NV NH,NO; + HCl 3.7 | 4.2 | 37.9 | 44.6 
0.0005 N NH,Cl 5:4} 5.3 50.7 
0.0005 N NH,C! + HCl 3:7 | 452 52.5 
4 | Oats, 60 days 3 | 0.001 N NH,NO; 6.1] 5.7 | 34.4 | 30.0 
Oats, 30 days 0.001 N NH,NO; 6.1} 6.1 0 31.5 
Oats, 14 days 0.001 NW NH,NO; 6.11 S44 25:0 | 27.1 
5 | Oats, 74 days 2 0.001 N NH,NO, G24) 6:20) 17-2°|: 147 
Oats, 44 days 0.001 N NH,NO; 6.4] 6.6 | 28.5 | 32.3 
Oats, 28 days 0.001 N NH,NO; 6.4 | 6.3 0 22.6 
Oats, 14 days 0.001 N NH,NO; 6.4] 6.2 0 18.3 
6 | Peas, 20 days 2 0.0003 N NH,NO, 5.4] 4.8 0 ane 
0.0003 N NH,NO; + HCl 4.0] 4.1 0 0 
0.0003 N NH,Cl 5.3] 4.4 11.0 
0.0003 N NH,Cl + HCl 4.0} 4.0 0 
7 | Peas, 20 days 4 | 0.0003 N NH,NO; 5.4] 4.8 0 33.7 
0.0003 NV NH,NO; + HCl 4.0] 6.2 | 33.6 0 
8 | Peas, 30 days 3 | 0.0001 N NH,NO; 6:4) §:5 | 19:3 | 61.5 
0.0001 N NH,NO; + HCl 520 5.3 | 18.1 | 54.0 
0.0004 N NH,NO; 6.2 5.3 0 251 
0.0004 N NH,NO; + HCl 4.9} 5.2 0 2552 
9 Peas, 14 days 2 0.0002 N NH4NO; 6.4 6.2 0 26.1 
0.0002 N NH,NO; + HCl 3-90) -5280| “337 0 


ponderance of assimilation of ammonia over that of nitrate nitrogen is not 
dependent on the reaction of the medium. 
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The foregoing experiment was conducted in the dark. In another experi- 
ment conducted under daylight conditions with oat plants which were 25 cm. 
in length, the results shown in table 14 were obtained. 

In this experiment during the first hour there was a tendency to neutralize 
somewhat the acid solution. After 24 hours, on the other hand, there was a 
noticeable tendency toward acidifying the solution containing the ammonia 
salts. 

A series of experiments with solutions of NH,Cl and NH,NOs, in which the 
absorption of NH,NO; and the changes in reaction were determined, was 
conducted by Domontovitch and Drachev. After the roots have been washed 
with distilled water the experimental plants grown in complete nutrient so- 
lutiors were put into the experimental media for a period of 2to4hours. The 
results are given in table 15. 

The data given show that within 2 to 4 hours there was a shift in the reaction 
toward an increase of acidity in the unacidified solutions of NH,Cl and 
NH,NO;; in the acidified solutions there was a slight decrease of acidity (0.1 
to 0.3 pH). There was a decrease in acidity in the same ratio on both of the 
media NH,Cl+ HCl and NH,;NO;+ HCl. From equivalent solutions of 
NH,NO; + NH,Cl the ammonia was absorbed with the same intensity. In 
the majority of cases the NH, was absorbed faster than the NO; in the un- 
acidified NH,NO; solutions. When the NH,NO; solutions were acidified the 
amount of absorbed nitrate nitrogen increased and the amount of absorbed 
ammonia nitrogen decreased; however, even on the acidified solutions occa- 
sionally the ammonia nitrogen was absorbed more energetically than the nitrate 
nitrogen. 

In general one might say that the physiological acidity in these experiments 
shows itself clearly on the unacidified solutions; two indications characterize 
it: 1. The excessive absorption of cations over anions, 2, the shift of the reac- 
tion toward an increase of the pH reading of the acidified solutions. On the 
solutions of NH,NO; + HCI the first indication of physiological acidity in- 
frequently continued to appear although the other at times was obliterated. 
We may assume (on the strength of the experiments cited above) that with 
a prolongation of the time of the experiments, there would have been a 
reverse movement of the reaction toward an increase of acidity, even on the 
solutions with NH,NO; which were slightly acidified. 


The change in reaction of the solution cultures under the influence of the growth 
of plants in NH,NO; and nutrient media 


In nutrient solution cultures with corn various amounts of NaNO; and 
NH,Cl were used. The solutions were not renewed. The changes in reaction 
are given in table 16. This table shows that the tendency toward acidity 
becomes noticeable when ammonia nitrogen is substituted for one-fourth of the 
nitrate nitrogen; under the conditions of the experiment, this combination 
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appeared to be the optimum, since at a wider ratio the plants suffered from 
an excess of acidity and on the purely nitrate media the corn plants became 
strongly chlorotic. 

In the experiments in 1924 a comparison was made of the effect of various 
types of plants on the reaction of the nutrient media, various sources of nitrogen 
being used in nutrient cultures. The composition of each liter of this solution 
for both media as well as the nitrogen source was as follows: KC1—0.03 gm., 


TABLE 16 
The influence of the ratio NO3:NH« on the change of reaction in solution cultures with corn 
NOz:NHs TIME PERIOD IN DAYS 
IN EQUIVA- 
ete Start 7 10 14 20 28 37 45 54 
pH PH PH pH pH pH PH pH PH 
1:0 4.7 5.4 5.6 Sd 5.9 6.0 3.9 6.0 6.3 
3:3 4.7 4.5 4.3 4.2 3.9 4.1 4.5 4.7 4.0 
4:3 4.7 4.5 4.3 4.1 3.8 x ee 3.4 KB 3.4 
4:2 4.7 4.5 4.3 4.1 Sal 3.4 3.4 3.0 3.0 
0:1 4.7 4.3 3.9 3.6 3.4 5.2 3.0 2.8 2.8 
TABLE 17 


The change of reaction during the growth period of the plants in soluion cultures on a complete 
medium containing various sources of nitrogen 


NaNO; NHiNO; NH.Cl 

NUMBER 2 = * 
Slgisgieisgitifziegs alleles lalsigizeiagia 
S[olalojslalS isl lolalalsl[slalolaia 

2H | pH | pH | pH | pH | pH | pH | oH | pH | 6H | pH | pH | pH | pH | dH | oH | pH | 2 

0 | 5.5} 5.5] 5.5] 5.5] 5.5] 5.5] 5.5] 5.5] 5.5] 5.5] 5.5} 5.5/5.5/5.515.5]5.5]5.5/5.5 
5 | ...| 6.3] ...| 5.5] 5.5 AED ce ccl SED] SHS) cece ol oelOed eedlas.c 
8 | 6.1] 6.3] 5.7 con) Se SAS... .|4.513.1/4.4 Ps 
11 | 6.5] ...{ 6.5] ...| ...] 5.6] 4.9 Ax3||..c 5.0/3.7]...13.9]...]...|4.5 
16 | 7.3] 6.8] 7.2| 6.5] 6.2] 5.6] 4.0] 3.3] 4.5] 4.0] 4.2] 4.3/3.3/2.9/4.0/3.7/3.7|4.0 
20 | 7.4) ...| 7.2] 6.6] 6.3} 5.7] 3.9] ...] 4.2] 4.0] 3.9] 4.0]3.3]...13.9/3.7|/3.613.6 
28 6.9 7.0] 6.9} 5.8] ...] 3.4] ...] 3.9] 3.6) 3.6].../2.9]...13.7/3.613.5 


KH2PO,—0.06 gm., MgSO,—0.06 gm., CaCl.—0.08 gm., CaSO;—0.12 gm., 
Fe—0.05 mgm. (tartarate). As for the nitrogen source in medium 1 there was 
NaNO;—0.26 gm.; in medium 2, NHsNO;—90.12 gm.; in medium 3, NHsCl— 
0.16 gm. 

Three plants were put into each vessel of 1.8 liter capacity. The contents 
of the vessels were stirred every half hour. The results of the experiment are 
given in table 17. 
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From the observations on the growth of the plants, the following was noted: 


On the NH,Cl medium the grain crops and legumes were killed. The leaves dried up or 
dropped off. The killing of legumes (peas, clover, beans) took place at pH 3.9 to 3.6; oats 
died at pH 3.3; and corn at pH 3.1 to 2.9; the buckwheat was an exception. This survived, 
and at the end of the experiment the reaction of the medium was 3.5. Although the plants 
were stunted they remained alive and to all appearances seemed to be healthy. On the 
NH,NO; medium the beans and clover seem to have suffered most; the peas looked better; 
the other plants maintained their normal appearance; on the corn, notwithstanding the 13 
days of contact with the solution of pH 3.3 to 3.4, only the tips of the roots appeared to die 
off. On the NaNO; medium the plants were healthy except for the beans and clover, which 
wilted toward the end of the experiment. If attention is directed to the general character of 
the change in reaction of the solution and especially to the direction of the change, the con- 
clusion may be drawn that in the experiments described, all types of plants in general have 
shown analogous influence on the reaction. There were no sharply defined qualitative differ- 
ences among the plants used in the experiment. 


On the NH,ClI media the plants lowered the pH of the solution somewhat 
faster, bringing about the point of toxic limit after 15 or 20 days. On the 
NH,NO; media there was a slow and gradual approach to this limit accom- 


TABLE 18 
The change of reaction during the growth period of wheat and buckwheat grown on nitrate media 
PLANTS SOURCE OF P20; BEGINNING AFTER 20 DAYS | AFTER 30 DAYS 
2H 2H PH 
IE a i sa AS ee oe KH2PO, 4.1 6.4 
ar KH2PO, 4.1 5.6 5.8 
RRIMMNENG 5.6 55.05 bb cw ewcwseeic Saratov 5.5 5.9 6.0 
phosphate 
DEMUENL UL oacrenebeen ase Without 4.1 4.1 4.4 
phosphate 


panied by a greater or less depression of growth. In the nitrate media the 
reaction approached the narrow interval of reaction around the neutral point. 

There were quantitative differences in the speed of change of reaction among 
the individual plants; these differences are not accidental in the experiment; 
they are characteristic for the particular species. 

The higher limit of reaction for oats and corn on the media with ammonium 
chloride as compared with the legumes may be ascribed to the sensitiveness of 
the legumes to an acid reaction. The absence of killing effects on buckwheat 
in the NH,Cl medium may be explained by the ability of this plant to with- 
stand a wide range of reaction after which a depression of the growth takes 
place; only after this limit is a killing reaction possible for buckwheat. If the 
variations in pH for the ammonium nitrate and the ammonium chloride 
media are noted, after the twentieth day the following is apparent: For oats, 
pH 0.6; corn—0.4; buckwheat—0.4; peas—0.3; clover—0.3; beans—0.3. 
The figures for the various plants (except oats) are very similar. On the neu- 
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tral medium one property is outstanding; namely, the appreciable constancy 
of the reaction in the vessels with buckwheat. The tendency to approach the 
neutral point was apparent up to end of the experiment. In another experi- 
ment where only nitrate media were used the results shown in table 18 were 
obtained. 

In this case, therefore, the weakly acid reaction of the nitrate medium became 
more constant under buckwheat than under wheat (notwithstanding the weak 
development of the wheat). On the phosphates (Saratov) the development of 
buckwheat was just as successful as on the KH2PO,; therefore the (Saratov) 
phosphate was assimilated by the buckwheat at a reaction of the medium 
ranging between pH 5.5 and 6.0. 


SUMMARY 
Pant I 


The NH,NO; nutrient medium proposed by Prianishnikov on the basis of 
his experiments with sand cultures during 1900-1901 gave results close to those 
obtained with the Hellriegel medium; with certain plants (like water cress and 
flax) the medium gave even better results, but with others (like lupines and 
peas) it gave poorer results than with the Hellriegel medium. 

The cause of these differences may be looked for in the following conditions: 


The earlier assumption that the reaction of this medium, which is close to neutrality will 
not shift either way on account of the buffer action of the di-calcium phosphate, did not 
materialize. Further experiments have shown that the physiological acidity of ammonium 
nitrate is a great deal stronger than was thought in the beginning; the acidity may approach 
a point comparable to that produced by the presence of ammonium chloride. Thus although 
in the Hellriegel medium there is a shift of the reaction from acidity to neutrality, in the 
Prianishnikov the reverse is true. Since various plants on one hand tolerate differently shift- 
ings of the reaction and on the other hand have a different power of producing changes in 
reaction, the results of applying one or the other media are subject to change under the influ- 
ence of the type of plant. 


Besides, it was observed that the Prianishnikov medium infrequently gave 
poorer results in nutrient solution cultures than in sand cultures. The causes 
of differences between the nutrient solution cultures and the sand cultures 
may be ascribed to the possible buffer action of the impurities found in sand; 
it may also be caused by the unequal distribution of the NHsNO; and CazH2- 
(POx)2 in the vertical column of the nutrient cultures as compared with the 
sand cultures. For this reason the physiological acidity of the ammonium 
nitrate is not neutralized by the action of the di-calcium phosphate, which is 
found as a precipitate on the bottom of the vessel. The stirring of the solution 
at 24-hour intervals is not sufficient to prevent the acidity produced around 
the roots from doing the damage. In view of the above, the solution cultures 
for the best results ought to have such a modification of the nutrients that 
the ratio of nitrate nitrogen to ammonia nitrogen would be more than unity. 
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Among other media which were studied, the one of Crone with slight modi- 
fications was successful; the changes produced consist in replacing the Fe3(PO,)s 
with Fe,(SO,); with a corresponding increase in the amount of Ca3(PQ,)s. 


Part II 


The experimental part of this paper deals with a detailed study of the mutual 
influence of the different ingredients of the Prianishnikov medium; the primary 
thought was to reduce the physiological acidity of NH,NO; by the buffer 
activity of CazH2(PO,)e. 

The titration curves of the Hellriegel and Prianishnikov media show the 
greatest buffer activity at a pH close toneutrality. The buffer action depends 
not only on the conversion of the phosphates, HPO,” + H’ +> H2PO,’ in the 
solution, but also on the precipitation or solubility of the calcium phosphate. 

To illustrate the buffer effect of precipitation of phosphates of calcium and 
the buffer effect of the conversion of the solid phase (2CaHPO, + Cass 
Ca3(PO,)2 + 2H), the titration curves of KH2PO, and KH,PO, + CaCl, are 
given. 

In a series of experiments of short duration on the absorption of NH, and 
NO; by the plants from solution—either from NH,NO; alone,from ammonium 
chloride, or from a weakly acid solution of NHsNO; + HCl] or NH,Cl + 
HCl—the characteristic physiological acidity of NH,NO; was noticed. This 
was expressed by the following: 1. A more speedy absorption of NH, than 
NO;. 2. The shifting of the reaction toward an increase of acidity on the 
unacidified solutions. On the acidified solutions (up to a pH 4.0) the first 
symptom of physiological acidity of NH,NO; infrequently was noticed, 
although in a slightly less degree than when a neutral reaction was maintained 
in the beginning. However, the second indication—the increase of acidity— 
on cultures already acid from the start; in experiments of short duration, was 
not observed. It is possible that this is due to the speedy absorption by the 
plants of the free acid added to the medium. On the medium with NH,Cl 
and HCl and with a pH of 4.0, there was a noticeable shift toward alkalinity 
after 1 hour, followed by an acidifying tendency after 24 hours. 

The influence of the various plants on the reaction of a complete medium 
containing NaNO;, NH,NO:, or NH,Cl, with a small amount of KH2PO, was 
qualitatively somewhat similar. On the nitrate media the general tendency 
for all plants was to neutralize the original acidity of the solution (pH 5.5); it 
was, however, not sopronounced with the buckwheat. Legumesweresuccessful 
in bringing about a reaction with ammonium chloride to pH 3.9-3.6, at which 
point they died; the grain crops, like oats and corn, brought the acidity down 
to 3.3-2.9. 

The buckwheat tolerated the acidity produced with the ammonium chloride 
to a greater extent than all the other plants. 

For all plants the difference in pH for the media with ammonium nitrate 
and in mixtures with ammonium chloride was not great—pH 0.3-0.5—within a 
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period of 3 weeks experimentation. The injurious influences on the first 
medium appear later and with less rapidity than on the other media. 
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In the course of a recent reconnoissance of Central American soils two quite 
distinct classes of upland clays were encountered. The types comprising one 
class are friable, freely permeable to water, resistant to erosion, and often show 
faint profile zonation; whereas the types comprising the other class generally 
are plastic or stiff, much more impervious, and show better profile zonation. 
The older concept that the physical properties of soils are largely the resultant 
of the varying percentages of sand, silt, and clay would not explain the different 
behaviors of these two classes of soils, since a number of the types of essentially 
the same texture have shown opposite physical properties. Some of them, 
although containing an extremely small amount of gritty material, are as 
friable as light sandy loam, whereas others of similar texture are very stiff. 

This paper correlates the friability and plasticity of certain heavy clay soils 
as determined by field methods with the Oe, ratio of the same soils 
obtained by chemical analyses made in the laboratories of the Bureau of Soils. 

The analytical results cited show the composition of the whole soil and not 
that of the colloidal constituent alone, but since these soils are very heavy and 
undoubtedly high in colloidal content, it is believed that the results may be 
accepted for the purposes of this paper as essentially equivalent to the results 
that would be obtained by separating and analyzing the contained colloids. 

It has been found that the colloidal materials extracted from different soils 
vary widely in their chemical compositions (14) and in their physical proper- 
ties (1, 6, 13). Moreover, it appears from recent work (2) that the physical 


properties of the colloidal material are fairly well correlated with the chemical 
- 7 SiO, 
composition, as expressed by the molecular ratio ALO, + Fe,0, + Fe,0,' 


SOME RELATED INVESTIGATIONS AS RECORDED IN THE LITERATURE 


Van Bemmelen (15, 16) considers the end-product of lateritic weathering 
as silica-free alumina; but states that the agents and conditions which cause 
lateritization, whereby the ratio of silica to alumina is lowered to 1:3 to 1:0, 
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in contradistinction to ordinary weathering, are not understood. He observes 
that ordinary and lateritic weathering go on together in some regions, that the 
former never goes over into the latter under certain conditions and climates, 
whereas under still other conditions it goes over wholly or in part. He further 
observes that the heavy clay soils of Holland with a silica : alumina ratio of 
over 2 are highly plastic, whereas the lateritic clays of Java with a 
silica : alumina ratio approaching 0 have no plasticity. 

Hardy in studying the significance of the shrinkage coefficient of “clays and 
soils” (7) ascribes the high ratio of Al,O; plus FexO; to SiO» for certain red soils 
from Dominica and Barbados to their “lateritic nature,’ and observes that 
these types probably owe their special physical characters mainly to the 
presence of colloidal aluminum hydroxide. He further states that the low 
ratio of Al,O; plus FesO; to SiO, for certain types from Montserrat and Antigua 
indicates that the colloidal material in these types resembles more that con- 
tained in soils of temperate regions. He concludes that red lateritic soils, 
rich in alumina hydrogel, appear to possess relatively low vesicular water 
contents, and, in consequence, to exhibit low shrinkage coefficients. He be- 
lieves that the colloidal! matter of soils of different origin and chemical composi- 
tion is specific in certain of its properties and that many of the apparent anom- 
alies in the behavior of soils may be satisfactorily explained by differences 
in the physical constants in the colloids. From his research on the maximum 
water-retaining capacity of ‘‘colloidal soils” (8) he finds that West Indian “‘red 
lateritic soils,” whose colloidal content is described as being composed mainly 
of the hydrogels of alumina and of ferric oxide, exhibit remarkably low volume 
expansion on wetting. 

Joseph (9) finds a certain correlation between the imbibitional water-hold- 
ing capacity of a number of Sudan clay soils and their chemical composition. 
Red soil with a silica : alumina ratio of 2.85 showed a very much lower capacity 
in this respect than the other types, which consist of brown alluvial, brown 
loessial, and blue loessial types, with silica : alumina ratios ranging from 3.77 
to 4.77. He found the plasticity of the colloids in “slate-blue clay” from the 
upper Nile very high and that of the colloids taken out of red subsoil from 
Mongalla, very low. In his work on a number of tropical and temporate zone 
clays he points out (10) an important characteristic in the silica : alumina ratio 
of the clay separates, noting that this ratio seems connected with essential 
“clay” properties, being low in non-plastic and high in plastic materials. 

It is said to be common knowledge among the Hawaiian sugar plantation 
operators that Hawaiian clays have radically different physical properties 
from those of England and the United States—that they do not scour the mold- 
board of plows well and are generally friable under all conditions. Maxwell’s 
investigations on Hawaiian soils (11) show that most of the soils are low in 
silica and high in iron and alumina, the average molecular ratio of silica to 
iron plus alumina being about 0.9. 
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PROPERTIES OF CENTRAL AMERICAN SOILS 


Large areas of well-drained upland soils occurring in the humid parts of 
Central America have a much higher content of clay and show much greater 
friability than commonly characterize the finest textured upland types of 
humid United States. This is true even for many tropical areas having pre- 
dominantly sloping topography. Presumably the soil of these sloping situa- 
tions has not lain undisturbed long enough to have had exerted upon it the 
fullest possible effect of oxidation, hydration, and leaching, such as might be 
expected on uneroded flats. Wherever erosion has kept such close pace upon 
rock decay that incompletely decomposed fragments of the parent material 
are fairly abundant at shallow depths the condition generally may be construed 
as reflecting a stage of weathering somewhere short of mature soil development. 
This view may need modification in some instances, as for example, where 
particles and fragments of highly resistant rocks, such as quartz and agate, are 
present in considerable amounts through the soil profile. 

Notwithstanding the usual sloping features of the region and the more or less 
conformity as regards soil immaturity in some situations, the products of 
weathering, in case of the clay types in particular, are profoundly different over 
extensive areas from those of similar texture usually found in like positions in 
the wet temperate zone, taking the United States as a representative region 
for comparison. In this part of the tropics the soils either have undergone 
more intense weathering or they have undergone changes unlike or partly 
unlike those that have taken place under average conditions at the more 
northerly latitudes. The influence of the parent rocks often can not be seen 
in anything like the same degree encountered in the hilly parts of humid United 
States, although close relation does exist locally between parent rock and 
derivative soil, as will be pointed out below. 

With a constantly warm temperature and long periods of heavy rainfall, 
weathering in the tropics has had a much stronger leveling effect upon soil 
character in this region; rocks have decomposed to greater depths and much 
more completely in that part of the profile above the zone of visible continuing 
decay; clays of marked uniformity have developed over large areas and have 
become exceedingly fine grained; exceptional friability and permeability have 
resulted; and susceptibility to erosion has been greatly minimized. Soils 
of clay texture are largely in the predominance over the uplands, except in the 
vicinity of active or recently active volcanoes. Clays seem to be the normal 
regional soils, as much so as sandy types are the usual soils found in the coastal 
plain of southeastern United States. 

In extensive areas from Guatemala to Colombia the soil consists of red, buff, 
and ocherous-yellow (mostly red) clay, showing frequently no conspicuous 
physical difference from place to place, except that some areas are more friable 
than others, even though there is wide variety in the underlying rocks, includ- 
ing the basic igneous group and the sedimentaries, such as limestone, shale, and 
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claystone. It is not meant that there are not widely different soil types within 
the region. Actually there are a considerable number of variations, but many 
of these owe their peculiarities to such obvious local conditions as immaturity 
of weathering, imperfect drainage and, in the more eroded situations, to the 
lithologic nature of the parent material. As a rule quartz or other gritty 
particles can not be detected in the clay soil referred to by ordinary field ex- 
amination, or only small amounts can be found; but in those localities where 
granitic rocks and the mica schists are abundant, as in northern Honduras, 
fragments and particles of quartz and flakes of mica are fairly common in the 
shallow soils. In the latter types comparisons of the ratio of silica to iron 
plus alumina can not be made properly in all instances with the corresponding 
ratios for the clays containing little or none of these larger mineral fragments. 
Some of the physical variations referred to have a pronounced tendency, with 
advanced weathering, in the direction of: 


(a) Greater friability and permeability than is commonly found in fine-textured soils of 
similar origin in the temperate zone, as already pointed out; (6) the development of uniform 
red, yellow, and buff colors; and (c) exceptional profile uniformity. 


Similarly the chemical-variations show a tendency under advanced weather- 
ing toward an end product having relatively low contents of silica and of the 
bases, CaO, MgO, Na,O, and K,0, and comparatively high contents of iron 
and alumina. This refers to the well-drained older types. 

A striking difference from humid temperate-zone soil conditions is seen in 
the frequent faint development in the direction of sharply differentiated soil 
layers or horizons through the vertical section, even where the soil is deep. As 
a rule the dominant soils, the red clays, have 


(a) A surface layer, ranging from about } to 3 or 4 inches in thickness, in which organic 
matter from vegetation has slightly darkened the red soil, although there are places where 
scarcely any top soil of this kind is observable. Beneath this faintly developed surficial zone 
is found (6) red clay which is essentially uniform to depths ranging from about 2 to 8 feet; 
at which point the clay (c) is often splotched or streaked with material of yellowish, bluish- 
gray, and whitish or cream colors, often accompanied by soft partly decayed rock material, 


There are in these red clays generally no important textural differences 
between a and b, and often very little or none between a, b and c; and the 
divisional lines are rarely sharp, the material of one section grading into that 
of another. Frequently the light and yellowish streaking and mottling of 
section c represents freshly decayed or partly decayed rock materials of varying 
character, in which oxidation, leaching, etc. have not advanced to the same 
stage as in the red soilabove. The soil of section c really represents, in a great 
many instances, what might be designated a secondary or tertiary product of 
weathering from the parent rock, in that the primary product of weathering 
usually shows less complete obliteration of the granular character of freshly 
disintegrated rock. Sections a and b, in other words, represent more nearly 
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the true soil in the sense of thorough decomposition of practically all of the 
parent rock material. 

This faint zonation or lack of development of obvious horizons through the 
profile is a common characteristic of large areas of soil not only in Central 
America but also in parts of the West Indies and northern South America. 
This seemingly is due, in part at least, to a weakened efficiency in processes of 
elutriation and eluviation resulting from the peculiar nature of the fine particles 
formed under wet tropical conditions, a considerable proportion of which has 
been found to be of a colloidal nature. That the fine material clings to- 
gether to form clusters from which the individual grains are not readily 
detached by water to become suspended and moved through the soil mass 
is evidenced by the physical properties of the soils, such as a highly 
permeable or granular structure through which water passes rapidly; and the 
usual rapidity with which the material, when suspended in water by violent 
agitation, falls out of suspension.! Thus there is little opportunity for 
concentration of clay in the sublayers to form zones of heavier texture than 
those above, from which the finer particles under dissimilar climatic conditions 
might have been moved downward by percolating water. In the absence of 
strongly effective elutriation and eluviation the comparatively coarser textured 
surface soils so common to humid temperate regions fail to develop over much 
of the country under discussion; and without effective processes of this nature 
there would seem to be a priori no possibility of developing heavier sub- 
layers, such as are also common to many areas of smooth topography in the 
temperate zone, except as they are formed through decay of parent material 
that weathers directly into soil of fine texture. 

The content of flocculent colloidal material of the kind referred to is prevail- 
ingly higher in some parts of the humid American tropics than in others. This 
appears to be due partly to an exceptionally heavy rainfall and good under 
drainage, and partly to the character of the parent material. 

In the very humid eastern part of Costa Rica there is considerable soil so 
open natured by reason of the aggregated or flocculated fine material that rain 
water rapidly passes into and through the ground, and the soil exhibits such 
slight stickiness that the land can be riowed during or immediately after a 
heavy rain to form a very granular tiith (plate 1). 

This Costa Rican type—Colu™biana clay (tables 1 and 5)—is of exceedingly 
fine texture, containing only 0.7 per cent of particles coarser than silt; yet it is 
as friable as the mellowest loam, and in the practical sense is not susceptible 
to erosion (3,4). It is derived from old outwash material coming from basic 
igneous rocks and volcanic ejecta on the slopes of the adjacent cordillera. In 
this region the rainfall is very heavy—209 inches at Sarapaqui. 


1 Colloid extracted from a sample of extremely friable tropical soils of clay texture from 
Costa Rica has exhibited considerable immunity from miscibility with water, requiring intim- 
ate rubbing of the material to bring about dispersion. The material falls out of suspension 
quickly. 
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TABLE 3 


Average and range of silica, iron and alumina, total bases, and molecular ratio of silica to iron 
and alumina in 24 friable and non-friable soils 


¢ |@ 1] & g S 
= a 
5 7 +% +2 sit S + 
S 2 a loy4 Zz T2| D| 
B sé |e G |S+!] B+ 3 3 
2 3 * F rae 42° | 4" 
Friable.....|29.30) 5.00-41.87/49.19)31.19-66.72) 1.32)0.13- 6.55) 1.25 |0.15- 1.96 
Non-friable. |52.33/41.27-77 .00)30.81)12.18-38.78) 4.50/0.85-17.17| 3.71 |2.00-11.6 
TABLE 4 
Physical composition 
FRIABLE GROUP NON-FRIABLE GROUP 
Sample Sands and | Silt, clay and} Colloids by Sample Sands and | Silt, clay and} Colloids by 
number fine gravel colloids absorption number fine gravel colloids absorption 
per cent per cent ber cent per cent per cent per cent 
28126 2a.4 76.9 ee 28109 53.3 46.7 
30514 2:5 98.5 66.5 28110 64.7 35:3 
30515 0:7 99.3 82.0 28111 14.7 85.3 
30516 0.5 99.5 91.0 28112 11.7 88.3 
30517 0.6 99.4 86.0 28123 26.4 73.6 
30557 3 98.7 64.7 28124 21,1 78.9 
30558 3.1 96.9 61.2 28148 19.5 80.5 
30559 4.4 95.6 59.5 28154 48.0 52.0 dusters 
30560 6.0 94.0 58.3 30522 4.9 95.1 90.4 
30567 29 Fe | 75.4 30523 7.3 92.7 90? 
30568 ae 97.5 41.3 30533 be 82.9 67.2 
30569 1.1 98.9 80.3 30534 5.6 94.4 74.5 
30570 1.6 98.4 81.3 30535 5.0 95.0 83.2 
30571 AZ 98.8 86.1 30536 7.8 92.2 71.0 
er es Seis oor 30576 er pels 
30572 1.7 98.3 87.2 30653 8.0 92.0 55.0 
30573 2.4 97.6 49.7 30654 2.6 97.4 82.1 
30574 4.3 95.7 36.6 30655 a2 98.8 66.0 
30575 4.4 95.6 41.7 31222 6.3 O37 56.2 
30584 0.7 99.3 71.0 31223 2.8 97.2 74.8 
30585 i-2 98.8 66.9 31224 3.0 97.0 67.3 
30586 4.9 95.1 90.5 31225 4.6 95.4 68.6 
30608 22.6 77.4 75? 31355 
30644 3:0 94.5 79.9 31356 
30645 4.9 95.1 Bi 1 cases 
ee ae 7A A Skene yewic saw 1268 


Another very friable clay found near Turrialba in eastern Costa Rica— 
Aragon clay (tables 1 and 5)—although showing no important textural differ- 
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entiation throughout that part of the profile above the section containing a 
small amount of incompletely decomposed rock particles, beginning at 13} 
feet (table 4), does show some color zonation (table 5). In this type it will 
be observed that there have been considerable reduction in the amount of silica 
present and an increase of alumina and iron from the surface down into the 
horizon containing partly decomposed rock particles (table 4). Within a depth 
of 133 feet the diminution of silica has been from approximately 30 per cent to 
5 per cent (table 1); and the increase of alumina and of iron (Fe,0;) from 34 
to 47 and from 13 to 19 per cent, respectively. The bases (CaO, MgO, K,O, 
and Na,O) have decreased from an average of 0.6 per cent in the surface 40 
inches, to 0.3 per cent; phosphorous (P20;) has increased from 0.19 to 56 per 
cent; and organic matter has decreased from 7.2 to 0.47 per cent. 


DEGREE OF WEATHERING 


This type of weathering indicates that silica leaches from some land areas at 
a relatively faster rate than iron and alumina.” 

Weathering activities of the nature described above seem to be responsible 
for the development of the peculiar soil conditions found in these regions, and 
this type or degree of weathering undoubtedly accounts for the abundance of 
soils in the humid tropics, which have been described as laterites or as being 
lateritic. 

Clarke says in this connection (5, p. 488-490): 


In tropical and subtropical regions the processes of rock decay are often carried further 
than is usually the case within the temperate zones. The leaching is more complete, the 
silicates are more thoroughly decomposed, and the residues are richer in hydroxides. In 
India, for example, large areas are covered by a red earth known as laterite, which in some 
cases is undoubtedly a derivative in place of preexisting rocks, such as granite gneiss, basalt 
or diorite. In other cases the laterite is detrital in character and far distant from its place 
of origin. The term has been vaguely used, and as employed by different writers it has meant 
very different things. It has been applied to ferruginous clays, sediments, beds of iron ore, 
and products of volcanic action, and its formation has been attributed to a variety of causes 


2 Clarke’s data (5, p. 115) seem to show that the rivers of North America carry to the sea 
about 13 times as much silica as iron and alumina, whereas the lithosphere contains some- 
what less than 3 times as much silica as iron and alumina. As to what degree these results 
may need to be modified by possible failures to measure the amount of various constituents 
carried in colloidal suspension (17) is not known. 

Some soils show under the microscope the presence of secondary quartz. This is true of 
the highly quartzose soil occurring in the sandy savanas of Northeastern Nicaragua (deter- 
mined by W. H. Fry, Bureau of Soils). Just what conditions are most favorable to leaching 
out of silica and to development of secondary quartz, and as to what the quantitative relation 
is between removal and accumulation of this material, are facts which are probably un- 
known. Merrill has pointed out (12) that in certain rocks, such as the siliceous crystal- 
lines, diorite, and some of the diabases, iron and alumina are less subject to removal by 
leaching than silica. 

It has been shown that soil colloids of dry regions are higher in silica than the colloids of 
wet-region soils (14). 
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. whatever its derivation . . . . true laterite is essentially a mixture of ferric 
hydroxide, aluminum hydroxide and free silica in varying proportions. To laterite in situ 
this statement applies very closely; detrital laterite is usually contaminated by admixtures 
of clay. Just as in the formation of kaolin, the process of lateritization may be complete or 
partial; the typical product appears only when the alteration of the parent rock has gone 
on totheend. Then the silicates seem to be completely broken down, whereas in kaoliniza- 
tion a stable, hydrous silicate remains. A careful reduction of the data leads to the supposi- 
tion that the residual substance is a mixture of gibbsite, AlO;H3; diaspore, AlO.H; and limon- 
ite, FesHeO,. In short, laterite is identical in type with bauxite, and is merely an iron-rich 
variety of the latter. Between aluminous beauxite and the iron compound limonite all sorts 
of mixtures may occur. 


There is much in the literature that relates to lateritic soils, but a discussion 
of this is not deemed pertinent to this paper which does not propose to define 
lateritic soils, although dealing with material some of which appears to cor- 
respond closely with soils that some investigators have described as being 


lateritic. 


SIGNIFICANCE OF THE SILICA: IRON PLUS ALUMINA RATIO 


If the soils, whose compositions have been determined, be grouped into two 
groups so that the members of one group will show a molecular ratio of silica 
to combined alumina and iron oxide less than 2 and the other more than 2, 
it is found that such a grouping is approximately identical with cne made on 
the basis of friability and plasticity—the non-friable group has a ratio greater 
than 2, the friable group less than 2. 


iO, 
In using the ratio ALO; + Fe.0; for the whole soil it is admitted as an obvious 


fact that the relation of the physical properties of the soil and its composition 
may be of significance only for those classes which are high in clay and low in 
such discrete particles as quartz. The highly quartzose soils mostly belong in 
the very sandy group, which normally is characterized by high friability—unless 
it should be better in this instance to use the term “incoherency” or “looseness” 
as distinguished from friableness, in that the former term implies ready separa- 
tion of the individual grains, whereas the latter term implies aggregation of the 
particles where the binding force is short of a state of marked hardness or 
consolidation. To what limit the content of intact mineral fragments large 
enough to exert a pronounced physical influence may extend without causing 
too great vitiation in the significance of the comparisons has not been deter- 
mined, and need not be insofar as it vitally affects the meaning of indicated 
trends in soils of the kind found in many parts of Central America, since it is 
known that many of these are extremely low in gritty material, Most of the 
types under discussion contain no visible quartz or other hard grains. All 
but two of the samples of the friable soil group contain less than 7 per cent of 
sands, four have less than 1 per cent, and the average is 2.6 per cent, not in- 
cluding the two samples referred to, which contain approximately 23 per cent 
each (see table 4). Probably there is not much free primary quartz in the 
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finer constituents, since many of the soils come from basic igneous rocks, 
containing little or no quartz. Mineralogical analyses of the surface and sub- 
layers of the Arraijan clay (samples 30514 and 30515) have shown that the 
determinable minerals constitute only a trace of mica in the silt separate. 
Also only a trace of mica was found in the Columbiana clay, which is one of the 
most representative members of the group of friable soils. 

Returning to the profile of the Aragon clay (see table 1) we find that the 
material of the entire section (samples 30567 to 30573 inclusive) above the zone 
of extremely low silica content is very friable and permeable. Below the zone 
of lowest silica, the material (sample 30575) shows what appears to be the 
effects of less intensive weathering, as measured by the silica : iron plus alumina 
ratio, that is 1.6 as against an average of .55 in the four horizons above. 
Farther down, the material of the “rotten rock” zone (sample 30576) indi- 
cates still greater diminution in the intensity of weathering, and according to 
the ratio employed above, belongs in the class of soil materials having properties 
opposite to those of the friable group, although this particular material is not 
very plastic and with removal of the discrete particles probably would fit 
into the friable group. 

So deeply has weathering extended in the locality that the exact nature of 
the parent rock can not be readily determined in many places, although it 
probably belongs to the basic igneous group, along with some admixture of 
volcanic ash. In any case a study of the profile of the Aragon clay indicates 
that much silica has been lost in the weathering of the material lying above the 
zone containing an appreciable amount of incompletely decomposed parent 
rock particles, whereas the iron and alumina have shown a gain, both in pro- 
portion to the silica of this highly weathered material and to the amount of 
iron and alumina contained in the less modified zone beneath. Just why there 
is a decrease of silica downward is not understood. Accumulating colluvial 
material may have had something to do with this, or optimum conditions for 
removal of the silica and accumulation of iron and alumina may have existed 
in the lower layers. The Columbiana soil which is a good illustration of in- 
tense weathering, does not show a similar downward decrease of silica and an 
increase of iron and alumina (see table 1). 


GROUP I: FRIABLE SOILS 


Table 1 shows the chemical composition of 24 fine-textured soils (including sub- 
strata) from humid tropical Central America, grouped on the basis of a molecular 
SiO, 
AlO3 + FeO 
soils of humid United States, all of these soils are distinctly more friable in all 
parts of their profiles, and they are much more permeable and resistant to 
erosion. Compared with one another, those that are highest in iron and 
alumina and lowest in silica are the more friable, permeable, and resistant to 
erosion. The material of the most friable or the most weathered layers shows 

no visible swelling or shrinking at the extremes of moisture content. 


ratio of =less than 2, Compared with most of the upland clay 
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This grouping seems to bring out a correlation between chemical composition 
and physical properties as carefully determined in the field (see table 5). 
There is a range from 5 to 41.87 per cent of silica and from 31.19 to 66.72 per 
cent of combined iron and alumina in the group of friable soils (see table 3), 
and the averages for these constituents are 29.3 and 49.19 per cent, respectively. 
The extremes of these ranges point to soil properties of opposite characteristics: 


(a) To permeable, friable open soils, which show no perceptible volumetric changes with 
wetting and drying, in one direction—that of low silica and high iron and alumina, and (6) 
to non-friable, plastic or stiff soils, which shrink and crack on drying and swell to a correspond- 
ing degree with wetting, in the other direction—where the ratio of the constituents named are 
reversed. 


Table 5 shows some of the most outstanding physical properties of this 

group. 

GROUP II: PLASTIC SOILS 
SiO, 

AlO; ote F e003 
other upland soils (including substrata) collected from the same humid-tropical 
region have been grouped into table 2 and designated as a group of non-friable 
or stiff soils. Most of these are clays, but they range to clay loam and in one 
case to loam (see table 4). The average content of material coarser than silt 
in 18 of the samples is 9.4 per cent and the average of the colloids is 72.7, with 
a maximum range to 90.4 percent. In the group of more friable soils the aver- 
age of colloids is 71.9, with a maximum range of 91 per cent. 

In the main, these types are stiff and plastic, a few are brittle, and some are 
friable (see table 6). In some degree the friability of a few of the subsec- 
tions is due to the presence of incompletely decayed rock particles, including 
some free quartz; but most of the stiff to plastic soils are as heavy textured as 
the most friable of the other group. Table 6 shows the most outstanding 
physical properties of this group. 

Taking the subsoil of the San Pablo clay (sample 31356), as an example of 
extreme plasticity, we find in the field the material to be so extremely dense 
and impermeable that it retains its intimately associated water almost as ten- 
aceously as if it were water of combination. Under this condition the intersti- 
tial space is so choked that there is extreme retardation in the circulation of 
both water and air. In the dry season a shallow surface layer of this type— 
that containing a fair supply of organic matter—cracks and recracks to form 
a loose or fine-fragmental soil, which becomes highly desiccated. Immedi- 
ately beneath this parched layer the clay is moist and plastic throughout the 
dry season; yet deep-rooted crops such as orange trees, suffer severely or die 
on the type because they are unable to take sufficient moisture out of the 
putty-like clay. All crops wilt, parch, or die, showing unmistakably that 
the trouble is inadequacy of available moisture. 


Using the molecular ratio = 2 or more, as a dividing line, 24 
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This soil is of limestone origin. It occupies a low position of poor drainage. 
In the wet season it is continuously water-logged and crops on it are seriously 
damaged by an excess of moisture. Weathering has been restricted to the 
surficial layer in this poorly aerated material. 

The molecular ratio of silica to combined iron and alumina for this type is 
4.6 in the soil and 2.8 in the subsoil. 

In general this group of soils approximates the physical properties of the 
San Pablo clay. Outstanding exceptions, as previously noted, appear to be 
due largely to an excess of hard rock particles; but some of the soils, such as 
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Fic. 1, PERCENTAGE RELATION OF SILICA TO IRON AND ALUMINA 


samples 28111 and 28112, show a degree of friability that can not be accounted 
for solely by the presence of gritty material. If the basis of separating the 
soils had been on the amount and character of the contained colloids these 
friable types might have fallen into the opposite group. 

Figure 1 graphically represents the relation of silica, by percentage, to iron 
and alumina, with a gradational zone rather arbitrarily drawn to separate 
roughly the areas of friable and non-friable soils. 


RATIO OF IRON AND ALUMINA TO COMBINED WATER 


Figure 2, plotted from percentages,’ shows the ratio of iron and alumina to 
combined water. On the basis of the samples for which the combined water 


8 Loss on ignition less CO, from carbonates, and less organic matter determined by weigh- 
ing CO, evolved from combustion. 
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has been determined, the graph indicates that this form of water is proportional 
to the iron and alumina content. It thus appears that the iron and alumina in 
these types at least are neither more nor less hydrated in the one group than 
in the other. Somewhere along the line of ascending values there is a voint 
beyond which the soils are markedly friable and below which they are stiff, 
but this point seemingly does not necessarily mark any sharp break in the ratio. 


CONTENT OF BASES 


If the soils of the humic tropics have been severely leached in those types 
where weathering has been most intense, it would seem the content of lime, 
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Fic. 2, PERCENTAGE RELATION OF IRON AND ALUMINA TO COMBINED WATER 


magnesia, soda, and potash should be relatively low. The average percentage 
of these four bases found in the friable group is 1.32 and the range is from 0.13 
to 6.55 against an average of 4.50 and a range of 0.85 to 17.17 in the group of 
stiff soils. The maximum range of bases in the former group goes up to 1.95 
per cent, with the exception of 3 samples. Figure 3, shows something of the 
general tendency in the percentage relation of iron and alumina to that of the 
combined mono- and divalent bases. 

It has been shown that the physical properties of colloids vary somewhat 
with the character and amount of absorbed bases. In arid regions it may be 
possible that soils with a high content of sodium salts, for example, will show 
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more deflocculation, plasticity, and imperviousness than the silica: iron plus 
alumina would indicate. 


RELATED NORTH AMERICAN SOILS 


Table 7 shows chemical analyses of a number of humid North American red 
to deep-red upland clay soils derived from rocks of the types corresponding to 
the parent rocks of many of the tropical soils discussed, such as basic igneous 
rocks, limestone, and granite. The friability of none of these is developed to 
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Fic. 3, PERCENTAGE RELATION OF IRON AND ALUMINA TO BASES 


scribed above; but the properties of the one having a molecular ratio 
SiO, 
Al,O; + Fe.03 
very closely those of the highly friable class of tropical soils. The Davidson 
clay loam is locally known as “push land” because the crumbly material does 
not scour well over the moldboard of plows. Exactly the same property is 
exhibited by the well-defined friable Columbiana clay of eastern Costa Rica. 
Both types in the moist condition adhere to the plow share apparently more 
from force of impact than from mere stickiness, since neither soil is especially 
sticky (the Columbiana clay shows almost no stickiness). The Davidson clay 
loam is so crumbly that the plow simply pushes it aside instead of turning a 
more or less firm furrow-slice. The same thing is true of the Columbiana clay. 


equals less than 2, that is the Davidson clay loam, resemble 
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It will be noticed that some of the Cecil types approach the less-than 2 
silica:iron plus alumina ratio. One of the properties of the Cecil is that it 
swells but little on wetting and shrinks but slightly on drying, cracks of con- 
siderable size rarely being seen, even in highly desiccated sectional exposures. 
This, as pointed out, is also one of the properties of the highly friable tropical 
soils. The red limestone clayey soils (Decatur) of eastern Tennessee and north- 
ern Alabama are related in their properties to the friable soils of the Tropics, 
as are also the red “‘iron-ore lands” of northeast Texas. 

Most of the soils of table 7 are much more friable than most of those of the 
tropical types of high molecular silica:iron plus alumina ratio, not because 
they contain more gritty material, but for some other reason, which may be 
due to the effect of more intense weathering. It would be interesting in this 
connection to compare the very plastic Iredell clay of the Piedmont region of 
southeastern United States, a basic igneous rock soil, with the similar highly 
plastic subsoil of the San Pablo clay; but complete chemical analyses are not 
available for the former type. 

This point will not be discussed further than to observe that it indicates 
that similar processes of weathering are going on in the tropics and in parts of 
southeastern United States—that the principal difference seems to be not so 
much in the kind of weathering as in the degree of weathering, that of the humid 
tropics being much more intense in many instances. 

In this connection it may be added, by way of illustration, that the shallow 
mica-schist soils of Northern Honduras essentially are duplicates, both physi- 
cally and chemically, of the mica-schist soils (Talledega) of the southern ex- 
tension of the Blue Ridge Mountains of the United States, and that the highly 
quartzose soils of the northeastern Nicaraguan “sandy savanas’’ include soils 
which are typical of the Florida Flatwoods, such as the St. Johns, Plummer, 
and Norfolk sands. 


GENERAL CONCLUSIONS 


It is believed that investigations in this field of soil study hold out promis- 
ing results, not only from the standpoint of scientific interest, but possibly also 
from the practical standpoint. Enough has been pointed out to show that all 
soils of extremely fine texture do not behave physically in the same way. One 
type of clay shrinks little or none with wetting and drying, and another swells 
and shrinks greatly. The latter type is of the plastic group of soils which are 
so impervious in the extreme cases as to have very poor drainage and aeration. 
It is the clay of this last group that may be expected to give most trouble as 
subgrade material in building highways, and it is soil of this kind that is most 
difficult to cultivate. If some ready means could be devised for distinguishing 
between these types of clay by those not generally familiar with methods of 
identifying soil types, here might be something of value to the highway engineer 
in determining the quality of a doubtful clay soil for a road subgrade. 
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PLOWING THE COLUMBIANA CLAY IN EASTERN Costa RICA 


The picture was taken about 9 a.m. It had been raining all the morning and every day 
for a week or more previously, yet this extremely fine-grained soil was turning up into an 
excellent crumbly tilth and showed almost no stickiness. 


INFLUENCE OF FORM, SOIL-ZONE, AND FINENESS OF LIME 
AND MAGNESIA INCORPORATIONS UPON OUTGO OF 
CALCIUM AND MAGNESIUM! 


W. H. MacINTIRE? 
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The immediate and continued effects of economic additions of lime are 
influenced by several factors. Biological activation may deplete the additions 
through the formation of the more readily leached neutral salts. The speed 
and nature of the absorption reactions determine the persistence of carbonates 
and the formation of non-carbonate residues, the nature of which influences 
the future availability of the unleached fractions. Recently it has been 
pointed out (4) that the non-carbonate residues apparently become progres- 
sively more tenaciously fixed in the soil through the process of aging. These 
factors are themselves affected by the relative fineness and solubility of the 
additions and the method of their incorporation, and by the amount and 
periodicity of rainfall. 

This article deals with the leachings of calcium and magnesium from a fallow 
brown loam during a 4-year period. Chemically equivalent additions of 
Ca(OH)2, four separates, and a composite of both high-calcic limestone and 
dolomite were made in a 34-tank installation. Influence of zone of incorpora- 
tion is also included as a major consideration. 


EXPERIMENTAL 


The results given were obtained by analyses of leachings, collection of 
which was determined by the distribution of annual rainfall. All additions 
were made at the constant equivalence of 2,000 pounds of CaO, or 3,570 
pounds of CaCOs, per 2,000,000 pounds of soil, moisture-free basis. In one 
series the additions were made only to the upper half, or zone, of surface soil, 
whereas in a second series the additions were incorporated only with the lower 
half, or zone. Details as to soil, chemical and mechanical analyses of addi- 
tions, and illustrations of the lysimeter installations are given in a previous 


1 The results were obtained by the use of equipment donated by the American Limestone 
Company of Knoxville and through a fellowship endowment maintained by the National 
Lime Association. 

3 The analyses for the first two years were made by Mr. Hanvey Stanford, while those the 
third and fourth years were made respectively by Mr. T. D. Harden and Dr. R. M. Barnette, 
all formerly fellowship assistants at this Station. 
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contribution (5). The calcium and magnesium contents of the rainfall have 
been determined over a period of years (2); but these are considered as being 
included in the outgo from the two controls, the results from which are 
averaged. 

DISCUSSION 


The findings are given in tables 1 to 6, in terms of CaCO -equivalence per 
2,000,000 pounds of moisture-free soil for each collection during each annual 
period and for the 4-year period. The averaged amount of calcium lost from 
the controls for the 4-year period was deducted from the outgo from each 
treated tank to give the increase attributable to the addition. Each amount 
so found is expressed both as pounds and as percentage of calcium content of 
the addition. The magnesium results are expressed in the same manner. 
The hydrated lime was so pure that its meagre content of magnesium could 
be disregarded. The precipitations for the four years, 1921-1925, were 52.52, 
52.03, 46.99, and 39.25 inches, respectively. 


Calcium outgo 


Surface-zone additions.—The untreated soil was acid and devoid of carbon- 
ates, so that the total calcium outgo from the controls is considered as having 
been derived from the hydrolysis of the native calcium silicates and by the 
neutralization of biological end-products (table 1). Such neutralization 
might be effected either by bicarbonates evolved through hydrolysis, or by 
direct action of the biologically-induced acids upon the silicate complexes. 
The total CaCO;-equivalent outgo of 898 pounds from the controls for the 
4-year period represents 10 per cent of the 0.4495 per cent CaCO;-equivalent 
of the total non-carbonate CaO content. From previous studies upon the 
same soil (1) it may be stated that the full increase in outgo from the Ca(OH). 
addition was derived from the hydrolysis of absorption complexes formed 
within a period of 10 days. Those absorption compounds were derived in 
part from the direct combination of acid-reacting materials and Ca(OH). 
and in part from their subsequent reaction with the CaCO; derived from 
that part of the hydrate addition which was not directly absorbed. A 
similar speedy fixation may be attributed to the finer limestone separates; 
but a previous contribution (5) has shown that considerable carbonate resi- 
dues from the coarser separates were still present after 4 years. The increases 
in outgo in those instances are therefore considered as having been derived 
jointly from hydrolysis of absorption compounds and from solution of car- 
bonate residuals. 

The extent of disintegration of the limestone additions in the surface zone 
should be gauged by the previously reported carbonate study (5), rather 
than by the increased calcium content of the leachings. These are subject 
to the absorptive action of the unsaturated subsurface zone which tends to 
cause a uniform calcium outgo; therefore, in 11 of the 12 comparisons between 
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the first annual losses from the controls and those from Ca(OH): and lime- 
stone and dolomite groups the differences due to additions are all less than 55 
pounds. The one exception is that of the hydrated lime treatmert, 
which gave for the first year an increase of 186 pounds, or 76 per cent of the 
243-pound total for the 4-year period. 

The limestone and dolomite group average for the second year was 191 
pounds less than that for the first year, and also less than the group averages 
of the third and fourth years. The total calcium losses from both controls 
and treatments for the initial year were about twice as large as those for either 
of the succeeding annual periods. Enhanced biological activities, as a result 
of the aeration incident to screening and mixing before placement, are thus 
reflected, irrespective of additions. This phase of the subject will be con- 
sidered in a subsequent contribution. 

But in spite of the equalizing action of the untreated subsurface zone the 
the effects of form and fineness are registered in all of the 4-year totals and 
in many of the losses for the annual periods. The greatest increase in outgo 
through the full soil depth for the 4-year period was obtained from the hy- 
drated lime, yet this increase of 243 pounds is only 6.8 per cent of the 
addition. For the limestone group the maximum increase in outgo was 200 
pounds, or 5.8 per cent of the addition. This increase was obtained from 
both of the two finer separates, 40-80-mesh and 80-200-mesh. The actual 
outgo of calcium in each of the 4 dolomite separates was less than that from 
its corresponding limestone separate, but the results are magnified when 
expressed in percentage on the basis of the lesser occurrence of CaCO; in the 
dolomite. 

Subsurface-zone additions—The annual calcium outgo from each of the 
several subsurface-zone additions was greatest during the first year and, with 
the exception of that from the 10-20-mesh dolomite separate, every annual 
outgo gave a progressive decrease thereafter (table 2). In the absence of 
opportunity for absorption after movement of the free-soil water from the 
zone of treatment, direct determinations of the differences caused by varia- 
tion in form and fineness of materials are recorded. All treatments show 
consistent increases in calcium outgo for annual and total periods, although 
the effect of the greater solubility of the hydrated lime and the influence 
of fineness upon solution and disintegration of both limestone and dolomite 
separates are more definitely shown. The greater availability of the hy- 
drated lime, or its greater yield of total calcium salts, is especially marked 
during the first year. The increased outgo of 707 pounds during that year 
was equivalent to nearly 60 per cent of the outgo during the full 4-year period. 
Although the hydrate addition gave the maximum outgo for the first year, 
the 80-200-mesh limestone separate gave a greater outgo during each of the 
succeeding 3 years, so that the increases from hydrated lime and 80-200- 
mesh additions for the 4-year period were practically identical, namely, 33 per 
cent. To only a slightly less extent was the same true also for the increase 
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of 31.7 per cent from the 40-80-mesh limestone. The order of increase over 

the control-outgo was in accord with the increase in fineness of separates. 
The calcium losses from the low-calcium dolomite group were uniformly 

less than those from the limestone group, but the influence of fineness upon 
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outgo is especially marked. The annual recoveries from the 10-20-mesh 
separate were slightly less than those from the control for 2 years and slightly 
more for the other two annual periods, with a 4-year difference of only 1 
pound. Though inactive for the first annual period, the 20-40-mesh separate 
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gave increases for the succeeding 3 years. The differences between the 
losses from the controls and those from the two finer separates were quite 
appreciable for each of the 4 annual periods. It will be remembered that the 
calcium losses from the dolomite series, with a maximum increase of 20.7 
per cent for the finest subdivision, are calculated on the basis of the CaCOs; 
content of the dolomite. 

In comparing the increased losses from the subsurface-zone additions with 
corresponding losses from the surface-zone additions, it is evident that the 
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deeper incorporations yielded a higher calcium content to the leachings in 
every case. These differences were greatest, 26.3 per cent and 27.2 per cent, 
respectively, for the hydrated lime and for the 80-200-mesh limestone. 
Partial absorption from the calcium-impregnated leachings during their move- 
ment through the layer of untreated soil is one factor responsible for these 
consistent differences; but, in addition, previously reported results (5) upon 
carbonate residuals demonstrated that the disintegration of carbonate addi- 
tions was more rapid and extensive in the lower zone. In the case of the 
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coarsest separate, the lower-zone incorporation gave a disintegration 8 times 
as great as that brought about by the same incorporation in the upper zone (5). 
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Magnesium outgo 


Surface-zone additions.—The 4-year magnesium outgo from the untreated 
carbonate-free acid control was equivalent to only 336 pounds of CaCO, as 
compared with a 898-pound CaCO;-equivalence of calcium (table 3). Ulti- 
mate analyses of the soil used showed that the total CaO content of 0.2517 
per cent was equivalent to 8990 pounds of CaCO;, whereas the MgO con- 
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tent of 0.4116 per cent was equivalent to 20,440 pounds of CaCO;. From 
this it is seen that the native magnesium was very much more firmly fixed. 

With the exception of the outgo from the hydrated lime treatment during 
the first year, there was no appreciable increase in magnesium outgo. Pre- 
viously reported findings (4) from full-depth lime additions to the same soil 
showed a repression of magnesium outgo and the same finding appears for the 
subsurface-zone incorporations of table 4. It would seem, therefore, that 
the increased magnesium content from the hydrated lime during the 
initial year may be attributed to interchange exerted by surface-zone-derived 
neutral calcic salts during their passage through the untreated subsurface zone. 
The differences in magnesium outgo from the limestone series are small, vary- 
ing from plus to minus, with only 3 small plus gains for 4-year totals, the 
maximum being only 10 per cent of the magnesium carbonate impurity of 
the limestone. 

The annual and 4-year magnesium totals from the dolomite series are 
small, and the 4 plus totals represent: but small fractions—a maximum of 3.2 
per cent—of the magnesium content of the dolomite additions. The part of 
the added magnesium carbonate which was disintegrated was either held in 
the upper zone of treatment, or passing to the lower zone, it was there absorbed. 

Subsurface-zone additions—During 3 of the 4 years the hydrated lime 
caused a repression of magnesium outgo from the zone where calcium was in 
excess (table 4). This is in accord with our previous findings (4). 

In the limestone group there were small increases in outgo for the 5 treat- 
ments during the first 2 years; but the reverse was true with one exception 
during the second 2 years. The four totals which gave plus quantities are 
all small and since they represent mere fractions of the magnesium carbonate 
content of the added limestone, which had fully disintegrated in two cases, 
it is evident that none of the native magnesium was forced into the leachings 
by interchange. 

The annual amounts of magnesium coming from the slowly disintegrating 
10-20-mesh dolomite separate were, in order, only 9, 39, 56, and 50 pounds. 
The other separates yielded larger quantities for annuals and totals in general 
accord with the order of fineness. 

In comparing the magnesium increases derived from surface and subsurface 
additions, every annual and each total period shows a greater outgo from the 
subsurface-zone additions. The maximum difference of 31.2 per cent of 
the added MgCO; was obtained from the 80-200-mesh dolomite separate. 


Total calcium-magnesium 


Surface-zone additions—The difference in zone of incorporation involves 
either the factor of basic interchange, or the reverse factor of “reciprocal 
repression” (3, 4). It is therefore necessary to consider the total calcium- 
magnesium outgo. This is done in tables 5 and 6 forthesurface-zone and sub- 
surface-zone incorporations, respectively. In these tables the full value of 
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3,570 pounds CaCO;-equivalence (2,000 pounds of CaO) of additions is used 
as the basis of calculation for both high-calcic and dolomitic materials. 

The calcium-magnesium losses from controls and those from hydrated lime 
are practically identical for the third and fourth years; but the larger in- 
crease from the hydrated lime during the first year and the smaller for 
the second give an aggregate equivalent to 7.6 per cent of the addition. 

In 10 of the high-calcic limestone additions to the tanks the magnesium 
impurity represents an appreciable aggregate, whereas in the 10 dolomite 
additions the calcium and magnesium carbonates are in near-equivalence. 
Neither annual nor total calcium-magnesium losses from the coarser high- 
calcic limestone differ greatly from those yielded by the controls; but, with 
increasing fineness, there is a definite increase in outgo. The orders of fine- 
ness and of increased outgo are parallel, but, as a result of the absorptive 
action of the untreated subsurface zone the maximum loss, that from the 
80-200-mesh separate, is only 6.3 per cent of the addition. In slightly less 
degree, the same may be said of the corresponding dolomite separates. 

Subsurface-zone additions—The hydrated lime gave the greatest cal- 
cium-magnesium outgo of 1148 pounds, or 32.2 per cent of the addition 
(table 6). As a result of the minus quantity of magnesium, due to the 
repression of magnesium solubility and an outgo less than that from the con- 
trols, the total calcium-magnesium loss is less than the total outgo of calcium. 

With the exception of the 10-20-mesh dolomite separate for the first year, 
all additions registered an appreciable increased annual outgo. The maxi- 
mum calcium-magnesium outgo from the Ca(OH), addition was closely 
followed in order by limestone of 80-200-mesh and of 40-80-mesh and by 
dolomite of 80-200-mesh fineness with 1133 pounds, 1098 pounds, and 1013 
pounds, respectively, or 31.7 per cent, 30.8 per cent, and 28.4 percent. When 
thus incorporated, it would appear that, for the 4-year period, the hydrated 
lime, two finer limestone separates, and the finest dolomite separates may 
be considered of about equivalent values. As the two limestone separates 
increase in size, the disintegration, or greater solubility, of the high-calcic 
limestone is more pronouncedly shown. 

In each of 54 of the 55 annual and total comparisons between increases from 
surface-zone and subsurface-zone incorporations, the latter shows the greater 
outgo. 

Taken as a whole, under all conditions, the results from the composites 
may be said to conform most closely to the responses from the 20-40-mesh 
separates. 

SUMMARY 

Results are given from a 4-year study with a 34-unit lysimeter installation 
to determine the influence of form, soil-zone and fineness of lime and magnesia 
incorporations upon the outgo of calcium and magnesium from a constant 
equivalent of 2,000 pounds of CaO. 

The maximum increase in calcium outgo from surface-zone incorporations 
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during 4 years was only 6.8 per cent of the addition and although some in- 
fluence of form and fineness was recorded, the untreated subsurface zone 
tended to produce a uniform outgo. 

In the absence of the retardative effect of a layer of untreated soil, the 
lower zone incorporations gave a maximum increased outgo of 33 per cent of 
the addition. Although the hydrated lime gave the greatest outgo during 
the first year—about 60 per cent of its total—its final increase was almost 
identical with the increases from the two finer limestone separates. 

The losses from the high-calcic additions during the first year were uni- 
formly maximum with decided decreases for the next three years for both 
zones. The differences due to fineness, zone, and time were not so great for 
the dolomite additions, but they showed positive effects from the imposed 
conditions. 

There was a very little difference between the magnesia outgo from the 
controls and the losses from either limestone or dolomite additions to the 
surface zone The losses from the subsurface-zone incorporations were con- 
sistently greater than those from the surface zone incorporations. Both 
zones generally gave the maximum annual outgo during the first year. The 
influence of fineness of dolomite separates was especially marked in the sub- 
surface outgo for both annual and 4-year periods. 

In the case of the completely disintegrated finer limestone separates in the 
subsurface zone, there was no increased magnesium outgo from the decom- 
position of the magnesium content of the limestone. 

Repressed magnesia solubility was indicated by the high-calcic additions 
to the lower zone. 

The total calcium-magnesium leachings from the surface-zone incorporations 
were small, comparable for limestone and dolomite, and related to the degree 
of fineness. 

The total calcium-magnesia leachings from the subsurface-zone incorpora- 
tions were uniformly greater than those from the surface-zone incorporations. 
Limestone separates gave totals uniformly higher than those from the cor- 
responding dolomite separates, the disparity decreasing with increasing fine- 
ness. The total outgo from Ca(OH): and that from 100-mesh limestone 
and dolomite were almost identical. 
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The results of many experiments (1, 2, 5, 10, 13, 14, 15, 17, 18, and 19) 
indicate that the addition of straw to a soil will decrease the growth and yield 
of the succeeding crop. There are, however, a few instances (3, 4, 5, and 12) 
where investigators have found that straw added to the soil has not caused a 
decrease in crop growth and that in some cases beneficial effects have been 
secured. 

Sufficient evidence has been produced to prove that the detrimental effect 
of straw generally evidenced on the growth of the succeeding crop is due to a 
decrease in available nitrogen, which is utilized by the organisms involved in 
the decomposition of the straw, and, if nitrogen is the limiting factor in crop 
production, a decrease in growth results. 

Several methods of overcoming this difficulty have been suggested, such as 
plowing the straw under in the early fall so that some decomposition will occur 
before the crop is planted the following season; adding sodium nitrate or am- 
monium sulfate in amounts large enough to furnish available nitrogen for the 
organisms which decompose the cellulose and carbohydrate material in the 
straw; or applying the straw to a legume crop before the latter is plowed under. 
The latter practice has been followed in the management of the crop residue 
plots at this station for several years. 


EXPERIMENTAL 


Since so much data have been published on the harmful effects of various 
kinds of straw, it seemed advisable to study the problem further and to 
determine under what conditions oat straw can be returned to the soil without 
interfering with the growth and yield of succeeding crops. The chief criticism 
of many of the experiments which have been conducted, is that the rates of 
application of the straw were much heavier than the amount of straw produced 
by an acre of grain. Considerable variation in yield of straw is secured on 
different soils and also from different kinds and varieties of grain grown on the 
same soil, consequently it is very difficult to select any definite amount of 
straw as representative of all conditions. The variation in yield of oat straw 
at this station is from 3 to 1 ton per acre. Communications from several of the 


1 The authors wish to thank Dr, P. E. Brown for helpful suggestions received in connection 


with this study. 
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agricultural experiment stations in the corn belt give the following yields of 
straw from small grain; Indiana—oats } to 1 ton, wheat and rye abont 1} tons; 
Illinois—oats 4 to 14 tons, wheat 2% tons; and Missouri—oats 2} tons, wheat 
1? tons. 

Since under most conditions some straw is utilized in farmyard manure, the 
rate of application of straw if it were returned to the soil on which it was grown, 
except under a strictly grain system of farming, would be less than the yield of 
straw per acre. In this experiment applications of oat straw at rates of 3 and 
1 ton per acre were used because these amounts, according to the data ob- 
tained, are not far from the average yield in this state and in adjoining states 
except Missouri. 

Three different soil types were used in the investigation. All of these soils 
are of glacial origin, and the type name, reaction, total nitrogen, and organic 
carbon content of each soil are given in table 1. 


TABLE 1 
Total nitrogen and organic carbon content and the reaction of the soils used 


TOTAL N PER TOTAL ORGANIC 
SOIL TYPE 2,000,000 000,000 REACTION 
POUNDS OF SOIL tahoe 
POUNDS OF SOIL 
pounds pounds 
DUP UOT BML SOREN; coos sas kwweiassnce- 6,600 67,200 Basic 
EI Gao cei Sons sch aks bab ewes J i ee Neutral 
PNM Sora) ec oc aes 2,000 43,000 Medium acid 
TABLE 2 


Total nitrogen and carbon content of the oat straw, red clover, and Hubam clover used 


MATERIAL TOTAL NITROGEN TOTAL CARBON 
per cent per cent 
SOME al Sens mace alnted b baa a eo SS ROH ORE 0.7 40.0 
PPR E Cesarean Santee Gate ect ere 7 41.0 
IMMUNE ect i rico cs bea etooran See riaees See 2.4 40.5 


GREENHOUSE STUDY 


Four-gallon pots were filled with the Webster silt loam and Carrington 
loam and treated with oat straw cut into 1 inch lengths at the rates of 3 and 1 
ton per acre. Red clover, Hubam clover (annual white sweet clover), sodium 
nitrate, and ammonium sulfate were added to various pots in combination 
with the straw. The red clover and Hubam clover were applied at the rates of 
3 and 1 ton per acre with the straw and were mixed thoroughly with the soil. 
The sodium nitrate and ammonium sulfate were added to the dry straw before 
it was mixed with the soilso that these salts would be in immediate contact with 
the straw and would aid in its decomposition by furnishing available nitrogen 
for the microorganisms. The analyses of the organic materials added are 
given in table 2. 
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The first series of greenhouse pots were kept fallow and the nitrate content 
of the soils receiving the various treatments was determined about every six 
weeks after the experiment was started. The results of these analyses are 
givenintable3. Itis evident from these data that the accumulation of nitrate 
has not been retarded to any great extent by the addition of straw to these 
soils. 

In another experiment in which the straw was ground very fine, added to the 
Carrington loam, and incubated at 27°C. for different lengths of time, a con- 
siderable effect on the nitrate accumulation in the soil was produced. These 


data are given in table 4. 
TABLE 4 


Effect of finely ground oat straw applied at different rates and incubated for different lengths 
of time on the accumulation of nitrate in Carrington loam 


TIME OF INCUBATION AT 27°C, 
TREATMENT sent i 
as 2 weeks 4 weeks 6 weeks 8 weeks 
NasNO;s | NasNOz | NasNOs | Nas NOs 

tons p.p.m. p.p.m. p.p.m. p.p.m. 
BNE oe is cae beuaee abe iweieanee 14 26 40 50 
PEL hksG ake ReSe se eau eeaneee 3 8 18 da 50 
NS eee ies twa amit 1} 3 13 28 40 
PMI ost eins eS 5 0 2 7 20 

TABLE 5 


Effect of oat straw on the growth of wheat when applied to Webster silt loam, alone and in 
combination with red and Hubam clover 


RATE PER ACRE TOTAL YIELD 
TREATMENT 

Suaw | Redclover| Hubum | Green | Dot. 
tons tons tons gm. gm. 
IE pees heh bere e nen Sewaeunents 174 74 
DEM ook aes rb sbe eae Ss subiwseos 1 153 63 
Straw and red clover. ......0220.5... 1 3 174 ch 
Straw and Hubam clover............ 1 1 192 81 
RRO nas ghcnekenescikweush 3 168 72 
«ee OT ee 1 162 68 


The data given in table 4 agree with those of many other investigators. 
Since straw is not finely ground or chopped up into short lengths when applied 
in the field, however, such data are of little value except to indicate what takes 
place in the soil in immediate contact with the straw. 

Another series of pots filled with Webster silt loam was treated at the same 
time as the series that was fallowed and planted to spring wheat. Throughout 
the growing period very little difference could be noticed among the various 
treatments. When the crop was harvested, it was evident that the straw 
alone had depressed the growth of the crop slightly. The results of this experi- 
ment are given in table 5. 
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FIELD STUDIES 


Field investigations were conducted in connection with the greenhouse 
studies in the same soil types as are given in table 1. The effect of the addition 
TABLE 6 


Effect of the addition of straw to field plots, alone and in combination with alfalfa and 
Hubam clover 


NITROGEN AS NITRATE 
TREATMENT SOIL TYPE 
Nov. 12, April 10, May 4, 
1924 1925 1925 
D.p.m. p.p.m. p.p.m. 
PINNAE S icc hi cay an sabaw ieee ee Carrington loam 8 16 62 
PTR BUTRW ois on'sjss sig xs wien'cwis.o's Carrington loam 9 13 59 
PIQDANUCIOVET 64 6 i. 05.06 60 00's Webster silt loam 7 21 58 
Hubam clover, straw............ Webster silt loam 3 21 45 
TABLE 7 


Effect of straw and straw mixed with Hubam clover on the accumulation of nitrate in soil in 
contact with the residue as compared with soil not in contact with the residue 


Nas NO; 
SOURCE OF SOIL 
Webster silt loam Clarion loam 
D.p.m. p.p.m. 
REE ATO RUNW os oicie sis esd oe ascis ALS alas be Kea leloee se 99 12.7 
CORGAC ERTL E BURA a 6 sisson is siwne wales Rivera dbo cises.eieis 53 8.7 
Contact with straw mixed with Hubam clover.......... 113 19.4 


TABLE 8 
Effect of straw on the yield of corn when applied alone and in combination with red and 
Hubam clover 
Rate of applications given in tons per acre 


MATERIALS APPLIED YIELD OF 
TREATMENT CORN 

Straw Red clover — FER ACRE 
bushels 
BMURSTLE Sieacs ts oyose avs Io eb 6.2 tei ts-chelers Seseve-e ara we as tee a 69.7 
PROM roca sis cig Siete are reverenwisle aie sob esse ai 3 76.1 
PANO ARAIGOV ED wicjo se oicisiele vc oo e cialen ers eosin eee 1} 81.0 
NORTON o> 51. /oc es esis o's nia win ee RNa wean 3 79.3 
Red clover'and Gat straw: ......00600.600800s0 3 3 76.1 
Hubam clover and oat straw.............0005- 3 13 78.9 
PMOBR erase Sa 50's aie op ceboe le stineeesoaeseess 75.0 


of straw in the fall, with and without legumes was studied in the first experi- 
ment. The results are given in table 6. 
These soils were plowed in October. The alfalfa that was turned under 


398 ROYLE P. THOMAS AND HORACE J. HARPER 


was the growth made after the third cutting, and was estimated at one-half 
ton per acre. The Hubam clover was the growth that occurred following 
winter wheat and was estimated at one and one-fourth tons per acre. Straw 
was applied at the rate of 1 ton per acre. The analyses were made on com- 
posite samples, each of which was composed of 10 samples taken from different 
portions of each plot. These samples represented the surface 6 inches of soil 
and since only a portion was in contact with the layer of straw between the 
furrows, this soil did not represent the effect of the straw on the soil imme- 
diately in contact with it. Consequently on May 21, 1925 another group of 
samples was taken from the plots which had grown wheat and Hubam clover 
in 1924, and had received an application of straw, which was plowed under in 
October. In many places it was possible to secure straw from the layer which 
was turned under and which was not mixed with Hubam clover. Other 
bunches of straw contained a large amount of Hubam clover. In every place 
where a sample was taken from the soil in contact with the residues another 
sample was taken from the same furrow at a distance of about two to three 
inches from the residues which were plowed under. The results of these 
analyses were averaged and are given in table 7. 

The season was very dry and warm through April and May and much larger 
amounts of nitrate accumulated in field soils than is usually the case. There 
is no doubt, however, that the straw caused some reduction in nitrates in the 
soil that was in contact with it, but when Hubam clover was present, there was 
an increase in nitrates over the amount present in the soil that was not in 
contact with any residue. 

In order to determine more accurately what effect the straw has on the 
growth of crops, 7 field plots located on Carrington loamat the Agronomy Farm 
were treated with straw, red clover, and Hubam clover, alone and in combina- 
tion, and were planted to corn. The results of the first year are given in 
table 8. 

The differences in the yield of corn in this experiment do not indicate that 
oat straw has caused any decrease in the yield. The results of the yields 
secured from other plots to which straw is applied with the second crop of red 
clover and plowed under in the fall also, do not show any harmful effects due 
to the treatment. These results, however, do not apply to soils which have a 
low content of available nitrogen; before any final statement can be made, 
therefore, further investigation is necessary on the effect on such soils of the 
plowing under of straw with the second crop of red clover. 


SUMMARY 


The effect of applications of oat straw on the accumulation of nitrate in soils 
when applied alone and in combination with red clover, Hubam clover, sodium 
nitrate, and ammonium sulfate was studied under greenhouse conditions. 
The addition of oat straw to a Webster silt loam and to a Carrington loam 
did not appreciably affect the accumulation of nitrates in these soils. 
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Wheat was also grown on one series of pots filled with Webster silt loam. 
Although no effect of the various treatments was noticeable in the develop- 
ment of the plants, the soil treated with oat straw alone yielded less than 
untreated soil. 

A study of the nitrate accumulation in field soils to which oat straw had been 
applied and turned under with the second growth of red clover, Hubam clover, 
and alfalfa indicated that no retardation occurred except in that portion of the 
soil immediately in contact with straw which was not mixed with the legume. 

The effect of additions of oat straw alone and in combination with red clover 
and Hubam clover to a Carrington loam had no retarding effect on the growth 
and yield of corn. 

CONCLUSIONS 


Without causing any injury to crop growth and yield, straw can be returned 
to many corn belt soils by spreading it on the second growth of red clover, on 
Hubam clover (annual white sweet clover), or on biennial sweet clover and by 
plowing in the fall wherever possible. The rate of application should not 
exceed one to one and one-half tons per acre. 

The effect of large applications of straw on the growth of crops may be 
physical rather than biochemical since the straw reduces the nitrate content 
of only the soil in immediate contact with it. 
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Many determinations of the salt content of streams and underground waters 
have been made, but little attempt has been made to determine the loss of 
various plant nutrient elements due to surface runoff. Some work concerning 
this matter has been done at the Missouri Experiment Station in connection 
with the soil erosion studies which have been in progress for the past eight 
years. A few determinations of the loss of nitrogen in the runoff water were 
given in an earlier report (2). This paper covers determinations made on 
the runoff water from the erosion plots having different cultural and crop 
treatments during the year May 1, 1924 to April 30, 1925. This must be 
considered as a progress report, since the samples are still being collected 
and further determinations will be made in the future. The year under con- 
sideration, however, is complete within itself. The rainfall during this time 
was somewhat above normal, being 45.2 inches whereas the average during the 
past eight years has been only 36.3 inches and that at Columbia during the 
past thirty-four years has been 37.6 inches. 

Most of the attention in this work has been given to the loss of those ele- 
ments which are considered of greatest importance from the standpoint of 
soil fertility. 


PLAN OF THE WORK 


Immediately after each rain, samples of the runoff water were drawn from 
each tank with a sampling tube, brought to the laboratory, and filtered through 
clay filters. Aliquots were taken and the samples stored for analysis. 
All the samples obtained during a 3-month period were composited in order 
to reduce the number of chemical determinations. For the most part the 
standard methods of water analysis as published by the American Public 
Health Association (1) were followed in this work. Other colorimetric 
methods were substituted for phosphorus. 


1 Contribution from the Missouri Agricultural Experiment Station. Published by per- 
mission of the Director of the Station. 
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The treatments of the various plots in this experiment were as follows: 


Soil erosion experiments. Plan of treatments 


PLOT CROP SOIL TREATMENT 
, { Soybeans since 1923 Spaded 8 inches deep in spring and cultivated 
|| Ryeas winter cover crop Hoed in fall before seeding rye 

2 No crop Spaded 4 inches deep in spring and fallowed 
during season 

3 No crop Spaded 8 inches deep in spring and fallowed 
during season 

+ Sod continually Grass clipped and removed when necessary 

5 Wheat annually Spaded 8 inches deep in July and fallowed 
until October 

6 Rotation—corn, wheat, clover* | Spaded 8 inches deep before corn, and hoed 
before wheat 

7 Corn annually Spaded 8 inches deep in spring. Corn cul- 
tivated 


* During the year in which the results in this paper are reported this plot was in wheat 
followed by clover. 


RESULTS 


The analysis of the runoff from the various plots shows that the loss of 
soluble salts is a quantity worthy of consideration. The loss of plant-food 
materials is so large that it must be considered as one of the important means 
by which soils are depleted in certain of these elements. Table 1 shows that 
although the concentration is relatively low, the loss of mineral elements 
may make up a considerable proportion of the salt content found in our 
rivers. This fact becomes even more significant when we take into considera- 
tion the evaporation from stream water on its way to the sea. 

The determinations made by McHargue and Peter (4) on water samples 
taken near the mouth of the Mississippi River show a decidedly greater con- 
centration of calcium and magnesium than was present in the runoff from 
these plots, but the results with sulfur and potassium are not so widely dif- 
ferent. The concentration of phosphorus is considerably higher in these 
samples than was reported by McHargue and Peter. 

The results with calcium and sulfur on the sample from plot 4, May 1 to 
June 23, 1924 seemed too high, but because the amount of sample was lim- 
ited, these determinations could not be repeated. The results of these two 
determinations, therefore, have not been included in table 2. 

When the results are calculated to pounds per acre, the significance of the 
losses from a practical standpoint becomes more apparent. Table 2 shows 
the loss of the mineral elements as well as of the four forms of nitrogen. The 
loss of nitrogen by this means seems to be very slight. Some change in or even 
loss of nitrogen from these samples might be due to their long period of storage. 
However, tests made on fresh samples showed only traces of soluble nitrogen. 
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Most of the dissolved nitrogen was in organic form and the amount of nitrate 
nitrogen was surprisingly small. Of the mineral elements calcium and sulfur 
alone are lost in sufficient quantities to be of much practical importance, as 
may be seen from table 3. Attention might be called to the fact that the loss 
of calcium from wheat land has been 18.618 pounds per acre, an amount ap- 
proximately three times that removed by the grain and straw of a 25-bushel 
wheat crop. The loss of calcium and sulfur from the uncropped fallow plots 
2 and 3 is noticeably higher than from the other plots. The loss of potassium 
was highest from plot 4, whereas plot 1 showed the greatest loss of phosphorus. 
The loss of potassium in the runoff water from plots 2, 3, and 4 was greater 
than the amount ordinarily supplied by average applications of commercial 
fertilizer. 

A comparison of tables 3 and 4 shows that the plant-food material lost in 
the form of soluble salts was small as compared with that lost in the solid 
material eroded from the plots that were cultivated a good portion of the year. 
On the other hand, the loss of plant-food material from sod land has been 
considerably greater in the form of soluble salts than in the eroded material. 

Although tables 3 and 4 do not cover the same years, it is believed that the 
losses reported in table 4 are reasonably representative of the average for the 
duration of the experiment. 


TOTAL SOLIDS 


The total amount of soluble salts lost in the runoff water from these plots 
has been remarkably high for certain plots. Table 5 shows the loss of soluble 
salts per acre in comparison with the solid material eroded from the plots 
during the same period of time. It will be seen that in all the cultivated 
plots the solid material eroded is much the greater source of total material 
loss, but in the case of the plot in bluegrass, the weight of salts lost is 59.76 
per cent of the weight of solid particles removed. From plot 6, which was in 
wheat followed by clover, the total loss of soluble salts was 6.96 per cent of 
the weight of sedimentary material removed. When the ignited salts are 
considered, approximately the same relation holds for the various plots. The 
relatively high loss of salts from plots 4 and 6 may be partly explained on the 
basis of results shown by LeClerc and Breazeale (3) who found that there may 
be a large amount of salts exuded from the surface of plant leaves and that 
these salts are washed off by rains. Plots 4 and 6 were covered with vegeta- 
tion during the entire year whereas the mature crops of soybeans, of wheat, 
and of corn were removed from plots 1, 5, and 7 respectively. Plots 1 and 
5 were then seeded to fall grains but the loss of salts from young plants is 
probably small as compared with olders ones. The grass on plot 4 is usually 
cut with a lawn mower and allowed to fall back on the plot. There is doubt- 
less a large loss of saJts from this material. 

The percentage of the weight of soluble salts lost on ignition is greater in 
the case of plots 1, 4, 5, and 6 which are kept in crops most of the time. The 
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TABLE 3 
Summary of the annual loss of various chemical elements in runoff water from the different 
treaiments 


Pounds per acre 


Nas NAS | Nas | Nas Ca Mg 


PLOT TREATMENT NH; | 8° | NO: | NOs K Na S P 


Soybeans 0.172|2.8210.00010. 132/15. 356(0.5002.299]2. 45711. 4652. 776 
Spaded 4 inches 2.030.008 (0.221)26. 132)2.626,7.747|5. 79426. 5061 156 
Spaded 8 inches _|0. 168|2.0700.001 (0.05023. 186f1. 2195. 512|3. 77022. 338|1..447 


1 

2 

3 | 

4 | Sod 0. 368) 11. 483}0. 2199.081 3.811) 9.567/0.842 
5 

6 


Wheat 0.065/1.3710.009 (0. 300|18. 618}2. 113/1. 525]1. 892/16. 167|1. 232 
Wheat followed by |0.538/0. 665 (0. 148116. 3010. 2761. 25110. 604| 9.6820. 384 


clover 


7 | Com 1.3000.039 10.323 17.856)2.008)1. 618 1.60615.6760.618 


TABLE 4 
Annual loss of plant-food elements in the eroded soil from the various treatments 
September 1, 1920, to August 31, 1922 (2, p. 38-40) 


PLOT TREATMENT N P ce s* 


Not cultivatedt 98.8 47.40 379.3 | 100.8 
Spaded 4 inches fallowed 95.4 45.40 337.8 69.6 
Spaded 8 inches fallowed 73.8 33.20 225.6 63.6 
Sod 0.5 0.09 0.6 
Wheat annually 29.5 10.80 75.9 19.3 
Corn, wheat, and clover ae 2.20 41.4 6.9 
Corn annually 40.3 8.10 103.3 25.3 


NAM WH 


* One year’s results. 
+ During the first 6 years of these experiments, plot 1 was uncultivated and uncropped. 
The land was kept bare by pulling the weeds. 


TABLE 5 
Loss of total soluble salts from plots with different treatments 
Pounds per acre 


; D 

PLOT TREATMENT bod . 4 a nee. ponte pearing or oat 
avant 30, 103°C. | ®4= |icnition| BAL jscthoatl 

per cent per cent | per cent 
1 Soybeans 37190 | 249.9 | 0.67 | 101.7 | 0.27 | 59.3 
2 Spaded 4inches. Fallowed 89297 | 380.1 | 0.42 | 217.6 | 0.24 | 42.7 
3 Spaded 8 inches. Fallowed 93728 | 309.1 | 0.33 | 169.7 | 0.18 | 45.1 
4 Sod 388 | 231.9 |59.76 | 113.6 | 29.28) 51.0 
5 Wheat 47694 | 277.2 | 0.58 | 132.8 | 0.28 | 52.1 
6 Wheat and clover 2396 | 166.8 | 6.96 | 82.6 | 3.45 | 50.5 
7 Corn 40326 | 265.1 | 0.66 | 144.7 | 0.36 | 45.4 
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salts coming from plots 2 and 3, which are fallow, or from plot 7, which is 
cultivated and has no winter cover crop, contain a larger percentage of inor- 
ganic salts than those carrying a crop the greater part of the year. The loss 
on ignition from plot 1, having soybeans followed by rye, is somewhat higher 
than that from the sod plots. No satisfactory reason has been found for this 
difference, since it would seem that it should fall intermediate between the 
corn land and the sod land. 


SUMMARY 


1. The runoff water from the soil erosion plots at the Missouri Experiment 
Station was sampled after each rain during the year May 1, 1924 to April 30, 
1925. This water was passed through clay filtersand the amount and com- 
position of the soluble salts were determined on aliquot samples. 

2. The total amount of dry salts lost varied from 166.8 pounds from the 
plot in wheat and clover to 380.1 pounds per acre from the plot which was 
spaded 4 inches deep in the spring and fallowed throughout the season. 

3. Calcium and sulfur were lost in larger amounts than any of the other 
elements determined. The loss of potassium was relatively small but from 
several of the plots it amounted to considerably more than would ordinarily 
be applied in commercial fertilizer. The losses of magnesium, sodium, and 
phosphorus are too small to be of much practical importance. 

4, The nitrogen determinations were incomplete on some of the samples, 
but these results as well as others reported earlier indicate that the surface 
runoff water is not a great source of nitrogen loss. 

5. The soluble salts from the fallow plots showed a higher percentage of 
inorganic material, as indicated by a smaller loss on ignition, than did the 
soluble material coming from land carrying a crop. 
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